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SUMMARY 



Fab fragments of IgGl and IgG3 subclass antibodies which bind to ^2^pheaylpxazb produced in; 

Escherichia co/i. The signal sequences of the Fd and L chains were correctly.processed, the fragments were secreted into C 
the i>eriplasmiC;Space.an^ released into the culture, medium upon prpl(mgedrc^ltiv£t:ons, Theyi Igpi- :^ 

and bxJgG3 Tab fragments after one?step^purification.from the* culture^ ntedium -by affinity chromatography .were J > 
^g/ml and rO/5 ^g/mlr respectively.;^ majority of the purified Ox IgGlf>Fab was properly assembled, but in the dise ] 
/of Ox igG3, tlic prepara^ was found to consist of a complete LtChajn aiid^^C 

i Fd chaiii. A deletion up to the interchain disulfide bond in the first coiistaht doniain (CHI) of thesOx IgG3 Fd 'chaui rt- 
ledto proper assembly of the truncated Fab fragment The production level ibf the truncated fragment was comparable ^ 

Uo that of the dx IgGl Fab and its hapten-binding activity; similar to: that bf. the idiotype:monoclonal antibody. The: 
temperature stability of the Ox IgGl Fab was similar to that of the intact antibody. However, both of the Ox IgG3 
Fa6 fragments showed reduced stability, suggesting that the CH 1 domln a^ntributes significantly to the thermal stability 
of the Fab fragment. . - ' ^' 



of -theVproteiri). is" unnecessary or even deleterious. The 
microbial expression systems developed in recent years 
provide valuable^altematives for the production of Tunc- * 
tional Ab fragment and faciU^ considerably the engi- 
neer:n£>.cfi nove! . ah!?bod«^ -(for reviews ^see. .e.g.« 
antigen-binding domains of Ab are required and the rest^ Pluck4hun?. I99l;f^Winter andrMilstein, 1991). Amumber. 



INTRGDUCtiON 

The highly selective hapten-binding properties of anti- 
bodies (Ab) make them important tools in research, diag- 
nostics and medicine. For iimiiy applications, only the 
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Abbreviations: A, absorfoance (1 cm); aa, amino addtsX Ah. antibtKSyftes); 
Apt, ampidllin; bp, base paii(s); cDNA, DNA complementary to RN A; 
. CH 1 , first constant domain of the immunoglobtttin heavy chain; ELISA, 
enzyme-linked immunosorbent assay; Fab, antigen-binding frag- 



ment: (Fd , and chains); i F(ab)i, 1 bivalent . Ab* fragment ^two ^Fab 
fragments); FCj fragment medlating e^BCtor functions;. Fd,- truncated v 
heavy chain (VH and GH j domains); Fv, antigen-binding fragment (VH 
and VL domains): H, heavy chain; IPTG; isopropyl-P-o-thiogakctopy- 
ranir>5dde: K,. affinity, constanu L. tight, chain; LB, LuriarBertani ' 
(medium); mAb, monoclonal Ab; oligo, oUgodeoxyribonudeotide; ORF, 
open reading frame; Ox, 2-phenyloxazolone; PAGE, polyacrylamide- 
gd elec^ophoresis; PCR,. polymerase chain reaction; PMSF, pbeniyl-., 
methylsulfonyl fluoride; scFv, «ngle-chain Ab; SDS; sodium dodecyl 
sulfate; VH, variable domain of the heavy diatn; VU variai^ domain 
of the light chain. 
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of different Fab fragments have been expressed in £. coU 
either intraceiluiarly (Cabilly, 19S9; Condra el al^ 1990; 
Buchner and Rudolph, 1991) or by co-secretion of the L 
and Fd chains to the periplasm where the intra- and 
interdomain disulfide bonds are formed and. the chains 
fold and assemble into an active Fab fragment (Better 
et aL, 1988; Better and Horwitz, 1989; Pluckthun and 
Skerra, 1989; Anand et al^ 1991a; Skerra and Pluckthun, 
1991; Carter et al^ 1992). the size of Ab fragments pro- 
duccd in f . cgU can be further reduced to consist of only 
' one or both of the antigen-binding domains. Examples 
of such minimized antibody molecules include Fv frag- 
ments which consist of the two variable domains (VL, 
VH) (SkWfa and Pluckthun, l988;'G16ckshuber et al., 
1990), single^hain Ab (scFv) with a flexible linker peptide 
between the VH and VL domains (Bird et al., 1988; 
Huston et al., 1988; Chaudhary et al., 1989; Anand et al., 
1991b; Takkinen et al., 1991) and single VH domains 
(Ward et al., 1988; Power ei al., 1992). Differences in the 
production leveis of the various Ab^ fragments derived 
from the. same parent mAb in microbes have been 
reported. In the case of the phosphorylcholine-binding 
Ab McPC603 a functional Fv fragment was produced 
and secreted to the periplasm o( E: c6li sigiiifidantly more 
efficiently than- the corresponding^ Fab -(Skerra and 
- Pluckthun, 4991) or scFv fragment XGiocksfiuber et al; 
vJ99Q)::Ini)ur-previous study IgM^Fab^fragmehts recog-- 
nizing4-hydroxy-5-iodo-3-nitrophenyl acetyl (NIP) were 
: produced; in; y^sV Saccharomycesicer^viside ^nsing two 
different F;4 chain constructions. In ojie,nhe CH I domain 
was intact. ai|d in the other six aa frpm the. C terminus : 
.were, miaring.Jn* this, case .0^^^ form allowed 

secretion of active Fab fragment into the culture medium 
(Edqyist et alMJ991). „ . \ *. 'J^ - , ^ 

In this Study we hare produced 2-phenylDxazofDne 
(Ox) binding I^ I and IgG3 Fab frag^nents into the cul- 
' ture medium of £. colt using the expression system 
described earlier for tfie:Ox scFv (Takkinen et al., 1991). 
Two different constructions Wjhe.jOx^ lgGS were made:, 
in the first bne, the CHI region was comple^^ in the 
^nd most of the CHI domaiii was d^^^^^^^ The pro;. 
duction leveiis and properties of;tlic'i^^^ and Ox' 
Ii^3 Fab fra^ents were compared. Based bn the results," 
we suggest that the CHI domain of the Ox IgG3 Fd 
diain has ^ properties that dVnbt alioW 
duction of a functional Ox jgG3 Fab fragment in £. coli 
and that ir-isithe GHl don:^in that-Jargely determine . 
the stability df alFabfra r - 

RKlJLTSAfaD DISCUSSION ^ 

(a) Exjffc^mi Sid {ff;u&ictkH3 cf tte Os Fsb fragn^nts . , 
The cDNfe of the Ox Fd and L chains were assembled 
as a dicistronic operon under the tac promoter (Fig. 1). 



icSS 




Fig. 1. Plasmid pTI8, the £. rii// expression vector for"^^^ Ox ijrtGI^ 
Fab fragment. TKe|Fai> exp'^V 'on unils wewi clony ih&'Vhc tightly* 
regulated E. coli expression vector containing the /of piombtcrlpfflfV 
the transcriptioniemiinationrcgion ( TT) derived frdro pfCIC^-3 plas^: 
vinid (PharmacwK and. genes vfor ampicillin/re^ 
^ .r?p^resspr (/of/jj^from^pMiRIS^ plasmid (Ameraham^^ 
cpnstructions^ere iran^^^ 
-1985). which waff-used'tf the'pwiuctfdn h& 
of the L and H chairi^bf the Ox IgG3 and Ox Igaiysiibcl^ihtibcklies 
■y were isolated frdm hybridoma cell clones H26.ari^ NQ2- J 7.4: I^respec-f 
Uyely (KMrUnen^^er aU 1983;, j98?)L;;Thc first:stra£d cDNAlpfuhe H ;; 
and L chains^ were synthesized using an,oUgo(dT|rprimer ,a»^ 
mRNAs (Mania^B ei'aU 1982). iTie RTR p)rimers provided wfth r^tric- 
tibn enzyme dea^ge;sites' for the dohiiig were -sym^^ 
, to published mR'N A sequence of the Ox H and l! cHainsMKaartinen 
et alvl983; J989).,.7^^^^ hybrids were directly, subjected 

to PGR amplifi^ti^jl* ,p*^^ mixture |l 00 pf >=comainod 5 ^ 

pJ of, *f>?t,first-st^5t^cpNA;5yn^^ 10- pi . 

. 10 X reaction .' bulTer^ (1 00 mM " pH ; id/|bi mM MgCli/SO m M * 
Ka/1 ihM pkmer^ptiMihano^^^ mg^ gelatin '0nA)l\S \^' \2S mM 
dNTPs/lOb pmol of primW/zJ^te Tti^ pblymcrase^i^ 
acvdand; OH). The amplification (25 cydcs):consisled.of denaturation 
at 94.T for I min^-anncaling at SS^Tor SO^srandrpo^^^ at . 

72X for l.S nun; The complete Qx Igjci and Ox IgC I Fab. fragment . 
cxpiesion units' wene first assembled in the p^P7y^lMmi^^^ 
Madison, Wi, USA). The signal sequcna(SS)^ng"repd^^^^ peirtate . 
lyase (PfelB)*or£nwrafl fWo«OTora<^ 
' and the inieirgenic DNA sequehcc'(Schoner et?alV- 1986) between the 
' :ORFs of the Fd,andX'chajn;Wcre,dpned':^^ ^veriapping* oli^ using 
the method of Hill^ct'al. (1987); Thc.cDNAs.ofjhe Fd an^^ 
were modified with PGR (S^nb>pok eljai: i989j'to^ with ^ 

.'^*n?^°v°.!i^^ 'P™»^ ffamc^fiisions of M Fab^'* 

expression units. Tte^Ox IgG3AC„ was constructed by deleting an 
. /!jlf^™^ :^Wl*^'l fragment from the lgG3 chain constant domain 
. coding region resulting in ddcUon of 72 aa(aa I34-206)oftheFd chain. 

Both the Fd and L chain jgen^ were fused with the pec- 
Utc lyase (PcIB) signal sequence coding region of ErYnnia 
carotovora (Lei et al, 1987). The PelB signal sequence has 
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previously been utilized to obtain efficient periplasmic 
secretion and subsequent release of antibody fragments 
into the culture medium (Better et al^ 1988; Ward et al^ 
1988; Takkinen et aU 1991). 

Iinmunoblot analysis under nonreducing conditions 
(Fig. 2) showed that about half of the produced Ox IgGI 
Fd and L chains (23.9 kDa and 23.3 kDa, respectively) 
were assembled in the periplasmic space of £. colt to the 
Fab fragment (47.2 kDa). The Fab fragment was released 
a!:^£dy after 3 h induction to the culture medium and 
the amount was gradually increased during overnight 
inductions lip to 3-5'|4g/ml. In the dase of the bx'lgG3 
satiiple only a faint band corresponding to the calculated 
46.5-kDa Fab was detected in the iiiimunoblot but a 
major band was migrating at the position of unassbci- 
ated chains. 

The L chains of the Ox IgGI and Ox lgG3 Fab frag- 
ments are identical, and the VH regions differ only by 
five aa residues within the D-J region^f hus, the major 
difference between the two .f:d chains lies in the aa 
sequence andjh the interchain' disulfide'^ arranger, 
ment of the. CH I domain (Fig. 3).iTo test Whetheir we 
could facilitate the disulfide, bond fqrmation^and.perhaps 
thereby the assembly of the Ox igG3 Fabiin E.^co^^^^^ we 
deleted ino^t b^^^ C-terminal part off the . pH l^^^^^ 
^ but. retained jhe:Cys- -,?H parUcipaiing^ih life jnterchaih . 
disulfide bond formation.jlFig. 3). Interesting!yf:the trun- 
cated Ox igG3: Fd chain was now^ible ;to assemble to . 
the* L chain and'form the iihterchain disulfide.bond; The : 
truncated "F^b:;v fragriient ' forhi^d. (Oi OlgGM^^ of 
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Fig. 2. Immunoblpt analysis of Uie Ox Fab fragments jn the'periplasmic 

(PP) extracts and.jn- culture 5upematantS'(Si,.after^3' btQf. induction. 

• bquai amount oiihc Ldin|uc» wc.v'rur. s» s0.f%SDS-r5f<?,jy»lyar^ 

amide gel under' noiiredudng conditionst(Laenim!i«,.l970)/and then 

transfeircd onto; a^ni!roceUulose aier'(Towbin et,:al;^. 1979^ The Ox 
r . . . / .. . r ;^99,^ 

J.produdng Ox I^j- Fah; b^^^ 
lane 6. S of E.Voii producing lgG3ACH; lane 7. proteotytically produced 
Ox IgGl> Fab (for digestion and .purification se^.lhc tcgcnd of- Fig. 4). 
Arrows' on the^teQ tndicatethc positions of the Ox JgGl and Ox IgG3 
Fab (FabK the truncated Ox IgG3 Fab (IgG3ACHK unassodatal diams 
(Fd, L) and the truncated Ox lgG3 Fd chain (A). IVMods: The RV308 
cells were grown at 30-C in LB medium containing 100 pg Ap/ml to 
an .4^00 about 1.5 afler which IPTG was added to a finat 'cbnoen* 
tration of I mM. After 3 h of induction the celk were harvested and 
fractionated according to Sambrook et at. (1989). 
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Fig. 3. Schematic prescntaUon of (he interchain disulf|d(; .bond arrange- 1: 
ment in the Ox F^bTragrnVnt's.^ In the Ox IgGI Fablfie t>ond^ twa^ 
between (he L chain' cys^'*' (Cys^'L) and Cys'VVofr'the' H^^ 
(Cys'"H>. In the Ox lgG>(he Cys'" (Cys»«HHocatfedin the N tcrmi^- 
nus of the CHI domain partidpitatesiin the interchain^disulfide4»^ 
formation. The Cys»'"H is retained in the truncated Ox lgiG3 Fd chain[ 

38.4 kDa) was <:learly det(xted in the immunoblot analy- . 
sis(Fig. 2)/Sohie:unassociated L chain was'also observed, 
whereas the unassbciated truncated Fd chain (IS.1 kDa) 
was poorly identified: by the antiserum, usbd;for.im 
noblotting and thus wais hardly detectable:. , ; ' ;J 

As estimated by 'EtlSA^rom th^ overnight ^c^^^ -r 
medium of £. coU the production levelspf active Ox IgGI 
Fab and Ox lgG3ACH fragments were J;^S ;ig/mC 
is comparable to the levels we have obtained^earlier fpr.' 
the'cbrrespoiiding Ox scFv (Takkinen^ et^Tal^:: W 
However, the s'ctiv^'Pr. igG? Fat* nrf^^^ 
to 1-2 ^g/ml/TTie^a^^^ 
and Ox 'IgG3ACH .fragments^releasedYiitp^ 
medium .were ob^ined w1tho1it •o^^^ ^wth 
conditions.' Iminl^noblot ' 'ahdlysb of the' cytoplasmic 
extract showed jthat . only Jess than half of the produced 
Fd and; L chainsi were secreted to the- periplasmic .space 
(data not shown): Thus, by. designing a tnicrobial host 
with good secretory caf^dties and/or using the more pre- 
dsely controlled environment' in a fermentorthe dfidency^. 
of production can be further improved. Recently, 
amoimts up to 1-2 mg/ml of secreted and fimctional Fab 
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fragments have been obtained in £. coli (Carter et al^ 

i992)L 

(b) Purification of tte Ox Fab fragments 

The yields of active Fab fragments after one-step puri- 
fication by afiinity chromatography from the overnight 
culture medium of £. coli were 2 pg/m] for the Ox IgGl 
Fab and Ox IgG3ACH and 0.5 pg/ml for the Ox IgG3 
Fab preparation. Correct processing of the PelB signal 
sequence was confirmed by determining the finii five 
N-terminal aa r^idues of the L and Fd chains using the 
method of Baumann (1990) (data not shown). 

SOS- PAGE analysis of the purified samples under 
both nonreducing and reducing conditions is shown in 
>ig. 4. px^(g^ a^nd Ox JgG} Fab fragments digested 
' proteolytioiilyl from the corresponding idiotype mAbs 
were used as controls. In nonreducing conditions the bac- 
terially produced Ox IgGl Fab was seen as a major band 
comigra^ng with the proteolytically produced Ox IgGl 
Fab (Figi4A). Under reducing conditions the. Fd and L 
! chains overlap and only one band was obse'rvied;(Fig, 4B). 



The purified Ox IgG3 Fab preparation analyzed in 
aonrwlucing SDS-PAGE gave several bands (Fig, 4A). 
N-terminal aa sequencing revealed that the 23-kDa band 
obtained was a correctly processed L chain and no intact 
Fd chain was detected. Instead, the two smaller bands 
appearing on the geJ contained correct N-termini of the 
Ox IgG3 Fd chain which indicates C-terminal proteolytic 
degradation. In another set of experiments three degrada- 
tion products of the Fd chain were identified '(data not ' 
showii}.^ A faint band of about 38 kDa obscncd in the 
nonreducing gel suggests that a small amount of a frkg- 
ment cbnipbsed of the 'L;chain cbvak^^ to a 

degradi^i' Fd cha^in was 'fbnned.^ Ox * 

IgG3 Fabin tfie pre:ien& of a protease inhibitor mixture ' 
containing PMSF(iOO'iig/ml); api^otinin (2 \xgfm\i pep-' ' 
statin A (I Ag/ml) 'and EDTA (1 mM) or the u^ of an E, 
coli strain defective in the main periplasmic protease 
OmpT (Earhart et al., 1979) did not reduce the observed 
degra'datibri bf the Fd chaiii (data not shown). ' ' 
r Sensitivity to proteases has been used as ah indication* 
of incomplete folding^^d^ aiicl Hardy, :^ 




''•'^ffu!S'**'^"^ mAbs a^e shown. Equal amoun&^f ^s^^i^ wete>analy^ on oSri^% S^gi^S' ■ 

- i^^-^^^^^^^^^ IgOl Fab pnxtuoed by papain <ng^ltrim^if^ }4f^.mA antfe d; ok*l£fc3 Fab orc^c^ bv - 

- . SSSS "2*^.^"^^ Ar^, on ^ indicate^ppsiU^ns pfW Ox IgGl and Ox l^Sf^iS^^^ ^ 

f " V,."^ the.truhcaicd Ox lgG3 Fd chain'iAj andVt^^ p odu«s bf^lhe Siic] 

17.4 
tiirc 

IP^S) for 2 h at 37 C. and the reaction,was stopped, with iodoacetainide as,above. The final biififintion was dow bv S300.HR iPhafilbtLV.i-- ^^-i 
?^«^«<!9cnW abov,Mhe Fc fagments and undigested O, IgG3 we« mnrived on a pVdtan A-S^hiiose coluinn (07^SSfS - - 
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1986), and in this case, the degradation of the Fd chain 
may indicate incorrect foiding of the Ox IgG3 Fab. 
Disulfide bonds are known to contribute significantly to 
the folding and stability of proteins. Recently, it was 
shown that fonnalioa ofintrachain disulfide bonds in the 
VH and VL domains of the Nf cPC603 antibody is essen- 
tial for the functionality of the Ab fragments produced in 
£. coli (Glockshuber et al., 1992), but we have found no 
reports on the importance of the interchain disulfide 
bonds, in the production of functional Fab fragments of 
different IgG subclasses in bacteria; Since the.Ox IgG3 
Fab differ from the Qx IgGl Fab with respect to the 
position :of the interchain> disulfide bond CHI 
domain (Fig. 3),-the failure <to* pioduce functional and 
stable,px JgGiv Fab in:i£i^^ may indicate that the 
appropriate chap^rones^ or protein disulfide i^bmerases 
(PDI) for the formation of a correct interchain disulfide 
bond are not available in this case. As seen in Fig 4A, 
the trujicalion..of :the CHI domain of the Ox IgG3 Fd 
chain ,cf&^riy facilitated ..the proper.-assernbly and^^^ 
of bbth'iHe L^chai.n ;and th^^ Fd chain into a 

functional antigen-binding fragment. 

The total amount of the degraded Ox lgG3 Fd chains 
was significantly lower than the amount of the truncated 
Fd chain of the Ox IgG3AC„ as estimated in SDS-PAGE 
(Fig^4B]L* It Has been r^^ that the antibodies^of the 
lgG3 subclass, tend ^ to aggregate and selfassociate 
{GyotSVo.e^^ aC 1987; Jiskoot et al., 1991) and .there is 
one report ^that^the^site responsible for the aggregation is 
localizedjn the fd fragment (Capra and Kunkel, 1970). 
Accordingly, precipitation in addition to the observed 
degradation of the^Qx IgG3 Fd chain during the synthesis 



in E, s(>U cannot be ruled out 



(c) Hapten-binding by t^^ , r^VA. 

TTie affinity (K,) of the -bx Fab fragments 
were determined by the fluorescence quenching method 
{EA^h^M^ 1978) using the assay conditions 

descri.^A'^kr^^^^^^ aj., 1991). the /C-; vaiue of 

the Ox^Igdr pab I S^x^jp* MH. wh|cbis 
that of^ithilii^q^type N02^ antibody. (1.5 o<^: 10** ^ 
M"!) :(X^kkinfenVet 19?|Vt^^ 
also in i^^^ IgGiACHyand the. K, xaiue^ lor . 

.the trunca^^^ tHe:^.cprrespohdhig idio^ 

^type jH2«^antibq^ i^fx \C^M'^ and4i: >: 10* ^ 
'M ~ ' (Ki-K., unpublished^ data),4:re^ 
study by Sen and Beychok..(l986)^describ^ proteolytic ; 
^production of a tmncaied - Fabilfx)^^ /• 
^.domain and the L chain of. a human myeloma, protein 
that binds to riboflavin. In this case the resulting fragment 
showed two to three orders of magnitude lower aflfinity, 
than the intact antibody.' In our case the CHI domain 
did not have any significant contribution to the affinity. 



as was also observed earlier in the case of the Qx scFv 
(Takkinen et aL 1991). In this connection our findings 
support those of Udaka et aL (1990). who expressed two 
VH proteins specific for the Snitmeth^aminonaphdial- 
cne- 1 -suifonyl (Dns) group in £. coli and associated tbem 
with the homologous L chains to form VHL molecules. 
Th^ recombined proteins were shown to have aflbiities 
comparable to those of the corresponding parent 
monoclonal antibodies: The observed value of the Ox 
IgG3 Fab preparation (19 x 10^ M" *) was similar to 
that of the inl:act^ H26 antibody. This is most ^sily 
explained by assumiiig of a mixture ofFab 

fragiheiits iif which tbc' L ciiain ^d ihc d^radatitin pro- 
ducts of the Fd*chain krc held together mainly by nont^ 
valent fiordes. ^^•^i^^ • ^'^^^^ ^ ' • <^ : ' 

(d) Stability of the Ox Fab fragments 

Comparison of the temperature stabilities of the 
diflerent fra^ents revealed that similar to the 
NQ2-I 7.4. I Ab, the Ox IgGl Fab was stable up to 60*C^ 
(Fig. 5).\^th^'bx IgG3 fra^^ stable^ than 

the Ox IgG I* Fab and began to loose their activity already 
at 40*'C; The' temixraiurc stabilities of both the Ox T|gG3 
Fab and Ox IgG3 ACf^ are very ' similar ' to those ot the 
Ox scFv sh^^^^ et al; 1991) and Ox 

Fv (D.S.;'rn^nuscHpt in'prepa^^^ these frkgments 

,have eitheHncomp.|ete CHI domains or this domain is 
^ absent: llii^ 'suggests ih^^ the CHI domain stabili^e^ the 
•'Structure /of ^-'fhe-^^Fab frajgment aj^inst thermal^' 
denaturatisin: -V > f ^ - V ' 

(e) Condii»oi^ ■ ' ' • - 'r ^ 

(/) Thc';6x IgGl Fab fraigment can be secreted as an 
/active and soluble protein to the periplasmic space and 




Tetnpera&ire (°C) ' 
^Fig. 5, Ttic ionperature stability <^ti» Ox Fab'fra^n^^ fhecxpciv* 
^ ^'ments'were p^onned as dekribed earlier ffakicten et ^ 1991) excxpt 
' that aikaline pho5phatasc<AFOSHabded goalanO-moii^ K^Abfl JOO) 
(Souihmi Biotechnology Associates. Idc) was used for the dAectkni of- 
the bound Fab fragmaits on the Ox,9-BSA coatod EUSA p^te. The 
hapten-binding activities at 30"C were defined as 100%. For coroparv 
son the stabilities of the Ox scFv ffaUunen el aL, 1991) aiKl^ the 
NQ2-t7.4.l antibody are shown. 
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is released to the culture medium of £. colL The amount 
of active Ox IgGl Fab fragment found in the culture 
medium is the same as that seen eariier for the corre- 
sponding Ox scFv (Takkinen et aL, 1991). Thus, £. coli 
is able to make equal amounts of active Fab and scFv 
Eragments, but the final yields obtained: with different 
antibodies depend on the specific sequence and structure 
of the firagment produced. 

(2) The Fd chain of the Ox IgG3 Fab produced in £. 
coli was proteolyticaUy degraded from the C terminus.-^ 
Truncation of the constant domain of Ox IgG3 Fd chain: 
up to the interchain disulfide bond fadlitated^proper foid-^ 
ihg and/or assembly of the chains:? The truncated I^ab 
was nojw able to form a stable^and actiye.haptra-bmding 

Jras^ent This indicates that pro{«r formation of . the 
interchain disulfide bond is important for efficient expres- 
sion and assembly of functional Fab fragments in £. colL 
(J) All of the Ox antibody fragments which had trun- 
cated or no CHI domains showed/jreduced temperature 

^stabifitks while the Ox igffl-Fab was as. stable as the 
intact mAb* It therefore appearsrJthat: an i^^^^ 
domain Has ai major contribution tothe,thbrmai stability \ 
of a Fab fragment. • \)\ . , ; : . J,v:,'. ' . .. . 
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Preparation, Characterization, and in Vivo Biodistribution Properties of 
Synthetically Cross-Linked Multivalent Antitumor Antibody Fragments 

Margaret E. Schott,' Kevin A. Frazier, Douglas K. Pollock, and Kathryn M. Verbanac^ 

Bioproducts Laboratory, The Dow Chemical Company. Midland, Michigan 48674. Received September 30, 1992 



Two new antibody forms of the general structure F(abOn (n = 3 or 4) were prepared and tested in vivo 
as part of an ongoing search for antibody candidates with improved biodistribution properties for 
cancer unmunotargeting applications. TTie novel multivalent antibody forms, called F(ab^3-z (tribody 
150 kDa^ x = m>».linker) and F(ab04-x (tetrabody, 200 kDa), were constructed through chemical ^ 
cross-lmking of Fab' subunits derived from murine CC49 IgG. a monodbnal antibody which r^x)gnize8 
thetumor"a880ciatedantigenTAG-72. Twonewcheinicdreagent8(trismaleinud 

2) were synthesized for use in cross-linking cysteine sulfhydryl groups present bii Uie hinge region of ' 
. . Fab'. /Homogeneous Fab' was prepared by mild reduction of FCab'fe followed by selective recmdation 

of. interchain disulfide bonds, leaving a single hinge-region. cysteihe:^^sulfhydryl-grbuii available for ' - 

modification. For biodistfbution studies, the parent F(ab02 fragment w&^^ 
V amine modification using the isothiopyanate derivative of the **>5Rh(BA-2i3i2-tet)Cl2 complex. Both' 

new fragmentifonns were shown to retain antigen bindingabihtv in vitro uaibgaft^^ ' ^ _ 

Although isotatedyield8forF(ab03-xandF(abVxwerelow(18and4%,re8pectively),8uffi 

were prepared for preliminaiy biodistribution studies in Balb/c mice and, in the case of F(ab03-x, for 
. / . a 5-day biodistribution study in tumor-bearing nude mice. A large proportion of the *^Rh-labeled 

F(ab')4-x was found^to accumulate in the livw^ possibly indieiBdin^ m i^>per size limit for thein vivo 
- ... . use of cross-linked fragments. The biodistribution behavior of ^**%»^^labeled FCabOVx in R>th Baib/c 

andnudeniicewasintermediatebetweenthat^ r . / *v 

^-.was reduced, while blood circulation time and tumor accumulation were'slightly increased, for the ^ 

trivalent species compared with F(ab02. ,The unique bicdistebutiori pfofileTbf F(ab')3-x au^ests the * c *V 

possible use of this ^nultivalert fragment for in vivo tumor targeting applications^ ' ^ ^ 



Ilh^ODUCTION " 

^ -Thedevdopmentofantibodiesandantibody-likespe^ 
with improved biodistribution properties for cancer im- 
munoUrget ^ng applications is an area of intense current 
interest (for recent reviews, see Waldmann, 1991; Koppel, 
1990). To date the most thoroughly studied antibody 
forms include IgG and its proteolytic fragments, F(ab')2 
andFaK AIthoughthesmallerfragmentshavebeensbown i 
to penetrate tumor tissue more readily than tiie parent • 
immunoglobulin (Fiyimori et aL, 1989), both fragments \ 
localizeealenaivdytothekidi^y8,iimitingtheirusefuln : 
particularly when conjugated te radiometals (Sbarkey et \ 
al., 1990). And while genetically engineered single-chain ; 
antigen binding proteins offer the potential advantages of 
rapid plasma clearance, enhanced tumor penetrance 
(MUenic et aL, 1991; Yokote et aL, 1992). and reduced 
immunogenicity, the amount of sFv actually delivered to 
tumor sites is low in comparison with the slower clearing 
IgG. It is evident that no sin^e immunoglobulin form 
will possess properties that match the requi'^jnents of all 
cancer diagnosis and tiierapeuuc applicatons. The in- 7 
vestigation of alternative structural forms should lead to 
a better understanding ofthe role ofstructure as it relates : 
to biodistribution and may aid in the design of useful - 
immunotargeting agents. 

Various chemical cross-linking methods have been ; 
employed in the preparation of antibody forms possessing ° 
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two or more antigen binding arms. One method involve ' 
the formation of chemical cross-links ^twMnlyRinfiflmtny 
residuee 09. whole m md/or antibody fragnients. , 

. This apprqtfiu^ is considered nonspecific with respect- to 
location, of Uie chemical bonds formed on the protein 
surface:cnd can resiilt in heterogeneous product mi^itures ^ 
(Perez.et^ d , :1985)., Heterorcross-linked IgG and Fab: ! 
fragmentSjihave. been, constructed for the .puriKtse p£ Iv 
retargetbg oytotoJdc vwojSe^andO^femder 
1988)..;;nie|» auA^ since chemi<^y lini^ 

hetero-t^gre^tcsxlear mbrcrapidly.frpm th^ circulation, 
than monomeric.IgG, their ur^ may be limit^ to in vitro 
screemng.applications.; : • j^.- , : , .v! 

Heterue^cross-linked bivalent and multivalent antibody 
forms |lu2ve^ also been constructed through site-specific ' 
reaction^ ^involving cy^ine sulfhydryl groups obtained ^ 
through: miidfreduction of disulfide bonds in tite parent 
immunoglobulins .*or fragmente; Several reports have 
appeared cbnoemitig the preparation of heterobifiinctidnal 
F(ab02l3pedes using bismdeimide Cross-linkers (Glennie 
etal., 1987;Frenchetal.-,a991;StickneyetaL, 1988):Th'&e 
novelfragments were formed through the chemical cross- ' 
linking of 'hing^region sulfhydryl groups. :Heterobtfunc- 
tional fragmcfnts have also been pre^^ared^through refor-' 
mation of hinge-region disulfide bonds via leaving-group 
chemistry, (Brennan.et aL, 1985)\or: using a* two^p 
reduction/reoxidation procedure (Staerz and Bevan, 1986). i 
However, thioether bonds may he preferable to disulfide 
bonds based on evidence of their enhanced stebilily in 
vivo (Mear^ et .al,, ,1^; Stevenson et aL, 1989). In a ^ 
recent study of the relative in vivo stebility of radiolabeled ' 
FCabO? versus bismaleimideHToss-linked F(ab02, Ae latter 
fragments (constructed with three different cross-linkers) 
showed significantiy longer plasma circulation times 
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compared with the native form (Quadri et aL, 1992). 

- Whether the plasma half-life of native F(afa02 is influenced 
by the number of hinge-r^on disulfide bonds was not 
reported. 

Bismaleimide cross-linking has also been employed for 
the preparation of a ""chimeric univalent" Pab-IgG (Steven- 
son et aL, 1985). Th^ authors also observed the putative 
IgG-(Fab02 sjwies as a byproduct Fab-IgG (200 kDa), 
which is univalent and thus capable of evading antigenic 
modulation on tumor surfaces, appeared to be ^catabolized 
at the dow rate characteristic <rf autologous IgG**. Bia- 
maleimides reagents have also been used to construct the 
univalent FabFc species (100 kDa), poss^sing one antigen 
binding arm and an Fc region, and its bivalent counterpart, 
bisFabFc (200 kDa; Stevenson et al., 1989). Biodistri- 
bution data for these antibody forms were not reported. 
However/biodistribution studies for astructuially similar 
fragment called Fab/c, generated by the liniit^ ehzymatie 
^digestion of IgG. were recently carried out (De^iignot et 
al.. 1990); In Balb/c mice, the half-lives of the^^taboHc 

- ifi) phasfe of plasma clearance for radibiodihated Fab/c 
and the parent !gG were identical, as 

clearance: The distribution (o) phase of plasma clearance 
for Fab/c was steeper than that for IgG, suggesting a more 
rapid extravasation into tissues. A slightly greater kidney 
.to blood ratio was observed for the' Fab/c fragment 
compared with IgG. In tumor-beffl^ nude mice, Fah/c 
^r'localized to'tumor tissue but did so ;tib a lesser extent than 
whole antibody, presumably due to the lower inununore-' 
activity of the univalent fragmeiit^ - 

The major pathway by which proteuus ehter^the kidn^^ 
is through glomerular filtration, a prctf^eW Whicij depends 
upon several factors including moiecuiar siate.^hapt:, and 
charge (Sumpio, 1981). Proteins smaller than 50 kDa 
generally cross the glomerulus while intermediate and high 
> molecular weightproteins greater than60=^70 kDagenerally 
do not (Strober and Waldmanr/l574v Demigiiot et al., 
^i^l990). Anionicproteins are.hindereil to a greater extehr 
' than are cha/ge^neutral or cation ic proteins, particul^ 
:at sizes greater than 25 A. Charge is 16ss important fgr 
small proteins (Maack et al., 1979). Thp overdl charge of 
a protein/(as.well as the distributiori'of chaiges on the 
moieculef^are alsovkncwn to ihfluehce liptake by the 
proximal .tubules, with cationic pmeind being taken up^ 
to. a ^ater; degree:.than anionic proteins of the same " 
. moiecuiar weighwChristensen etai:i^i^3S3;S 
The low isoelectric point of the immunoglobulin Fc piece 
(Coding, 1986) probably accounts for it^ relatively long 
circulation time compared with the Fabfra^eht (Wald- 
mann and Strober, 1969), despite the siimildrity in mo- 
.lecularweightfpr Fcand Fab. Additionally; the simUarity 
of the biodistribution patterns observed for IgG and its^ 
Fab/c fragment (see above), in striking %htVast to the ^ 
biodistribution . observed for F(ab')i* (als6400 kDa)r 
suggests a role for Fc in keeping the Fab/c in circulation 
and out of the Icidneys. - . 
" vOn the basis^bf the known* literature tbiicerrirng k 
^handling of^ithacromolecules, the extent of kidfeey Ibtal- 
ization for Tfab\. is surprising. In Vrder to further 
.investigate the.role of fragment size on biodistribution, . 
.particularly kidney localization and blood-residence life- 
time, we prepared two new homologues of the P(abOn series, 
where n = 3.(tribody) and n = 4 (tetrabody). Because of 
their higher molecular weights, the tribody (150 kDa) and 
tetrabody (206>kDa) species would be Expected lo show 
decreased kidney localization compared with F(ab')2 or 
Fab. Additionally, F(ab').rx seemed an interesting target 
because it has the same molecular weight as IgG but lacks 
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the Fc region. Although a putative F(ab03 spedea was 
observed previously as a byproduct of Pab'chemicai oosa- 
Unking (Glennie et al.. 1987). its in vivo properties were 
not reported. The semisynthetic fragments F(ab03-x (x 
= cross-linker) and FCabOrx were constructed ftom 
umvalent Fab' subunits derived from CC49 F(ab02 using 
the newly designed and synthesized tri- and tetrafimctional 
maieimide cross-linking reagents land 2 (Figure 1). The 
murine monoclonal antibcKly CC49 is an JgGl that 
recognizes the tumoi^associated antigen TAG^72 and 
reacts with a high percentage of tumor cells in a wide 
range of human carcinomas (Muraro et aL, 1988). Ra- 
diolabeled C(349 efficiently localizes human carchioma 
xenografts in vivo in athymic mice (Colcher et aL, 1988). 

WereporthereUiebiodistribuUonpattibmofradii<iAeM 
CC49 F(ab03px and F(ab04-x in Balb/ mice and the tumor 
localization of F(ab03-x in nude mice bearing LS-i74T 
human tumor xenografts. , i .-^ ^ .v. 

EXPERIMENTAL PROCEDliRES // . ' ; • V * ^ 

: Genei^Prc^edures. All phosplLlte^iuffer sb^^^^^^ 
were 0.1 M sodium phosphate adjusted to the desired oH ' 
except PBS> (pH 7.4). which was prepared by reconrti- 
tution of a powder obtained from Sigma (St Louis, MO), 
lodoacetamioe and DTT were prepared asQ.l M solutions 
mpH7,0phg8phatebuff€r. Sure/Sealdimsthj^ftttsiamide 
wa^ obt^ed^from Aldrich: (MilwauSee, WI) and stored 
under a blanket of hitrogen, CeriteiTOi-Sa'concentrator 
units (30 OOOMjVcutofD frcim Amicoh (Beverly MA) w^ 
usedonaDu rontSor^aURT-eoOOBiehtri^ 
with an A-384 rotir at 5000-6000 rpin; 16 •O: Prptdn 
assays were perfonned according to the Pierce (Rockford, 
n-> (^maasie niethod, with bo^nneplasnia' i.-ilobiiIin hrim ! 
Bio-Rad (Richmond. CA) as a guantitatioii'staiidard. ' 
' MdnocTpn^ X^^^ mAbCQ49is.amurjieI^ 
which was o;btained by immunizing' mice^wt^ 
TAG^72 (Mu«rfo etil.r 1988). Tor tl^^ p^^ 
CC49 IgG was Harvested from bioreactd^cultiies^'and 
purified using ta^AbX coliinin (Bio-RaHy'foUowed by a 
SuperoseJ2 gel filtration column (Pharmacia. Piscataway. 
N J). CC49 F(ab')2 fragments were preparecl via enzymatic 
Gigestion of the parent IgG using either thiol-activated 
papain <neut^l hMv nVnrklucing cori 
pepsin (pH^SiS) as^described by Go^^ The 




fragments werepurified by gel filtratfon'cLrbmat^aphy 
usmg a Supercsc i2"(X)liimn and stAred' at--^^^^^ 
mM pH 6.8 phosphate buffer'at approximately 5^10 me/ 

High Performance Liquid Chroiimtognphy. 
alytical HPLC was iised both for monitoring'the prbgr^ 
of reactions and for checking the qualil£>' pf final prepa- 
. rations. Preparative HPLC was used for the isolation of 
' cross-linked fragiherit species and was perfoimeS^^^^^ the 
same c^lumnsi as the analytical work. HPLC for nonra- 

, ^AbbVevjations,usear BA'-2^^^^ 

*^y'I-;).4.8,l l-tetraazaundecajie; PBS, phosphate-buffered saline; 
.TAG-72. tumor associated gWproteih-72; DfAF, dimethylfor- 
. 'mamide; THF, tetrahydrofurcrti; DMSG; dimethyl sulfoxide; 
EDTA; ethylenedianiinet«traacetic acid; DTT, dithiothreitol; 
NEMvJV-ethyhnaleimide; DTNB, 5,5'-dithiobis(2-mtrobenzoic 
acid); TNB'-. 5-mercapto-2-nitrobenzoic acid anion; BSA, bovine 
serum albumin; SDSrrPAGE. sodium dodecyl sulfate-polyacry- - 
lamide gel electrophoresis; ELISA, enzyme-linked immunoBor- 
bent assay; lEF, isoelectric focusing; H' and L, antibody fragment 
heavy and light chains (H' is the same as Fd and is used here for 
clarity). 
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dioactive samples was performed on a Du Pont GF-250 
column at a flow rate of 1.0 mL/min unless otherwise 
indicated. The mobile phase was 0.2 M pH 7.0 sodium 
phosphate containing 1 mM EDTA, which was included 
to slow oxidation of free thiol groups. For isolation and 
analysis of radiolabeled samples, both a Berthold LB 506A 
radioisotope flow-through radioisotope detector and a UV 
detector were employed, and the flow rate was slowed to 
0.5 mL/min for Fiab'h-x and 0.3 ml/min for F(ab')4-x. 

SDS-PAGE. Discontinuous SDS^PAGE was per- 
formed according to the method of Laemmli (1970) using 
a Bio-Rad Protean II apparatus (Richmond, CA). Non- 
reducing and reducing (5% /J-mercaptoethanol) 10^ 
polyacrylamide gels were run following denaturation of 
samfdes.at 80: .^C for 2 min. Permanent images of 
Cooma^e Bhie-stained polyaaylamid^ geb were obtained 
using the Electrophoresis Duplicating Paper system from ' 
Kodak (Rochiester, I^V). Autoradiography was perfo 
on dried gels using Kodak X-Omatic cassette and film. ; 
The progress of disulflde bond reduction, disiJfide bond 
• formation^ and fragm^ cross-linking could be monitored ; 
by nbnjneducii^ S£^ following treatment 'of an: 

aliquot (10--20 mD with an equal volume of 6.1 M 
iodoacetamide for 15 min at room temperature. Usp of 
nonreducing conditions allowed separation uf the CC49 
frai^entfH'.^^^^M^ L chains on 10% polyacrylamide gels. 
Under riiuucii^ conditions, H' and L,typically migrated 7 
"tc^thCT?^:ln. sooae 'experiments, cross-linked> antibody ' 
' fragmeii&ire'resubj^^ . 
/. to SE^PAGE'juialysx^ on nonreducing gels. This pro^ . 
.cedure'aiipWeH^ of the fragment H' and L; . 

chwis^as well as Vross-linked H' chains. For example; an 
. ,aliquulJU8 ML)^cyl^ fragment i>f interest v/as^ 

. first trtited wit^ A* DTT (2 $iL) in pH 7 O.pkosphate t 
- buffer fcr 16-16 nu'n at room temperature and then with' 
: equalyolUme (20mL) of 0.1 M iodoacetamide in pH 7.0^ 
\ ph(»p^tje'buff'er^^^ * \ . 5 

InsDiunom Assay. ELISA antigen binding ' 

• assa^ w^i^ornied using 96-well polystyrene microliter - 

. platen, 'iKrhiich weije precoated with TAG-72 prepared from : . 
LS^174T^human colorectal carcinoma xehogrkft^ using a 
modifloatipn of a reported procedure (Johnson etai., 1 i986). 
.Briefly^'':xiE!nograft tumors were minced, hbmbgehized in 
^ PBStn die prince of protease inhibitors, and cenUifuged - 

• in;two stages a supernatant ccnts^'niiig the tumor r - 
-extrac&il^i^rdte was further purified by 

gelfUtratioh cjb^ Sepharose CLt4B or €L- i\ 

6B (Pharmaciai eqm^ Fractioiis- co'n- 

.tainingT^C572 were identified by a direct- binding assay 
' using raiii'oiddiiiatedahtigen-specincanUb^ Microtiter 
platc^ for £^ were prepared by coating with TAG- 
72-ei$^cfc(Mlfractions '('-10r? of total protein) followed 
: by blc^kmg PBS. For ELISA, antibody 

. fnjgipeht'.aa^ ML/weili were incubated on pre- 

coated^mUierpl^^^ at starting concentrations of 10 
,,#ig/mLi'm I'^pT^^ (1:2) and transfers were ^ 

perlTo^^ tusing a Cetus Pro/Pette (Emen^-ville, CA). 
Plates were incubated for:2-3 h at 37 ?C-i)r overnight at 
4 arid washed with 0.02^^. Tweeri'20"usi 5;^; "a Flow 
laboratories plate was^ 

•1:200 soluUon'^bf alkaline phosphatase-conjugated goat, • 
:anti-mouse x antibody (Southern Biotechr Birmingham, 
AL) in 1 % BSA (SOiiL) for 2-3 h at 37 *>C. After washing, 
plates were treated with a freshly prepared solution of 
p^nitrophenol phosphate in diethanolamine buffer (100 
nU Kirkegaard and Perry Laboratories, Gaithersburg, 
MD). Color development was monitored using a Dynatech 
MR600 microplate reader, and the reactions were stopped 
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with 2 N NaOH (100 /zL) when the absorbancc readings 
were 1.0-1.2. 

Preparation of Trismaleimide 1. Trimethyl 1,3,5- 
benzenetricarboxylate (10.08 g, 40 mmol) wasstirred with 
ethylenediamine (60 mL) at room temperature under a 
constant stream of nitrogen. The reaction was monitored 
by TLC (2:2:1 CHCWMeOH/conoentrated NH4OH). After 
24 h the reaction appeared to be complete. Excess 
ethylenediamine was removed under reduced pr^sure on 
a rotary evaporator. A viscous oil was obtained which was 
dissolved in methanol (25-30 mL). The solution was then 
slowly poured into p*dioxane (350-400 mL). A white 
powder formed as the methanolic solution was added and 
the solid was collected by filtration. A tan powder (11 g, 
32.7 mmbl, 82 % ) was obtained and idenUficd as the tris- 
(amido amine)/ An additional amount (2.7 g) of impure 
ma terial^was obtained as a thick oil when the p-dioxane/ 
ethanol solution was evaporated. * NMK (dg-DMSO) 
ppm: 1.90 (br 3,-2 H, NH:;); 2:75 (br t, 2 H>. 3.33 (br t, 2 
: H), e.40 (i i;H>; atoHbrs;i H|: "C NMF (d^DlifSO) 
ppm: 41::J78;> 4;^.120^,^6S.3lO; 79.079, 128.^90. 134.975. 
• 165.667-r- r.i ' ^^i^"^ ■ ■ . - . j- :. ; 

Maleic anhydride (2.00 g, 20.4 mmol) was added all at 
once to a vigorously stirred solution of the tris(amido 
amine) (2.29 g, 6.8 mmol) dissolved in DMF (10 mL). The 
mixture waiiped slightly as the material gradually dis- 
: solved. After^ h a solid began to form again and eventually 
stirruig^^wa^ was left ovenaght ' 

and THj5(20() mL) the mixture was stirred^ 

rapidly:r^rThe'wh5U;ppwcl^ g) obtained upon filteri 



the THF/DMF^sofdUori^ the trismdle- 

amate. >HrNMR itf^^DMSG) ppm: 3.25-3.65 (m, 4^ H), 
. 6.?fi (d; t rt^{;fea6;«d:%l:«i. 7 (s. 1 H). 8:48 (s. 1 HYXSO 
(br s; 1 H);^9^-(birs;l!.:ii)i ^ »C NMH (de-DMSOf^: 
38.510,38;85i; I28;613;rai.96L>:'l-32.563. 1.3"4.776, 1651360. 
165.646;v^6S744r r.; \^ u' v : v.*a 

Trismaleamate 1 154'^ k anhydrous sodium acetate (1 .54 
g). and acetilc^anf^ydride^^5 mli^^ heated at 80^C with 
stirririg for;24<h: The inixture was then poured into ice 
water ahdstirwl;vigoroi3^^^^ h. The solid woscolledted 
by filtrat4oi^**and; was washed successively with v/aterV 
anhydroiifetltanoi.andanhydnVus ether A tan solid (0;4(> 
g» wa» ubi^iiVed afief dr>ir5g undtr vacuum. Protdn dhd^' 



r (qVPM:S0}:pfJm:"36;97O;37.721 J28.3~W 134.672,-' 
:\ 165.55i6[;i70:912^^ " • - r.-.^ • ^ i 

Prerargtion^of Tet ra 2. Maleic anhydride 

(9.8g;100miti6lJ^^^^^ 

ot 3,5-diaminp^nzpk i7:6;g, 50 mmol) and acetic" 
acid ( 250 tnL^f^v twm t einperat ure. (^ ool ing was necessary * 
as:the a'ddi'tiYia'prm^^^ The mixture 

was stirred' for ;7'2 h;at room temperature arid eventually * 
became toi^^^^^^ ether (500 mL):was: 

added ahH the mixture" was filtered and the solid washed^ ^ 
repekle<lly>^i1th eihelr^Tfie^bismaelamic acid (18.2 g). Was' 
obtained' asVA-ye!!ow-gri»^^ powder and was used dir^tly*^' ' 
for the next reaction. 

* Sc^ium'acetate (15 gi/a 

stirred at 80*°C in aceticinhydrlde (itk) rriV^^ 

h the mixture set up as a firm solid. Aribthet portioii of • 

acetic anhydride ( 100 mL) was added ahd tHe temperature " 

was raised to 100 **C. After 2 h the reaction mixture was 

cooled, poured 'into icVwater (300-mL), and' left stirring 

overnight. The mixture was filtered and the solid was 

washed with a hs«>l me ethanol followed by anhydrous ether. 

The off-white powder (9.50 g. 61 'V ) was identified as the 
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bismaleimideacidbyNMR 'H NMR (dg-DMSO) DDm: 
7 21 (8. 4 H) 7^7 a 1 H). aoo (d. 2 H). COOH was not 
observed, '^c NMR (de-DMSO) ppm; 126,310. i2a212 
132,238, 132.811, 134.774, 166.033. 169.633. 

The biamaleimide acid (0.25 g) was stirred as a slurry 
in thionyl chloride (5 mL). The mixture was heated to 
reflux and gas evolution was monitored with a gas bubbler. 
The reaction mixture was heated overnight, allowing the 
solid to dissolve gradually. Excess thionyl chloride was 
removed under reduced pr^ureand then OCI4 was added 
and the solvents were stripped again, yieldinga tan solid 
The acid chloride was used without further purification. 

JSP^/^S"^?^^ V.24(s.4H),7,64(s,lH).a01 
(s,2H). (de-DMSO) ppm: 126.24M2a462, 131.920. 
132.330, 134.731, 165.745. 169.484. ^, . . ' 

. The acid chloride (130 mg, 0.39 mmol) was added aD a 
once to a room temperature solution of jpKphenylenedi- 
amme(21 mg, 0.19mmol) and triethylamihe (65 fxL; 0.45 
mmol) inacet(mitrile (5mL). AsmaUamwmtof heat'was 
generated antf^a solid quickly formed, the i^actioii was 
% sUrred for O.S^h and altered. The solid was washed with 
water followed by acetonitrUe again to yield a tan powder 
(65 mg). 'H NMR (rfs-DMSO) ppm; 7 23 (s. 4 H), 7.64 

^^ll.!:^ ^ 2 H), 10.45 (s, 1 H). 

(drt-DMSO) ppm: 120.757. 125.080, 127.584. 132.085 
134.723. 136.137, 163.415. 169387; one arom^Uc signal wa^ 
not detected. 

Pf«paraUoii^1fFab'. Fab' Was prei*Sl^ from F(ab')2 
bymild reductipp followed by selective reoxi&tibn of H'-t ' 
interchain disulfide bonds. In a ^ical preparation ' 2 0 
mg of-F{ab')2,in;A? mL of pH 7.0 phdspK^te blinder was 
treated with 0.2 MDTT (0.1 mL) fot'lfi'mm.at iw^ 
temperature. ;interchain disulfide bonds ^eie bbmpletely 
reduced undi&r these conditions (Figure;2a)t^: Sephadex 
G-25 QS^2B "mini-spih" columns from Isolab (Akron, OH) 
were equilibrated with 0.1 M pH 8.0Vodiim phiraphate 
buffer (10 mL) and spun to drynesa in a refrigerated RT- 
eOOpB centrifuge before use (16 »C, A-384 rdtor). Sample 
diquots ( IGO mL . were applied to the tops df the columns, 
and 'following a .^min equilibration periods the columns 
were spun for 10;min and the eluents collected into snugly 
fittmg caplessa.5-mL Eppendorf tub^ (Sarstedt, Prin- 
.ceton. NJ).,^JSamples were left at room?temperature for 3 
h to allow K:-LdisulfiJebonda to reform." Pooled samples 
^.were treated with the appropriate volumebf 0.1 M EDTA 
in.pH 8.0 phosphaie, buffer to give a fihfiU obncentration 
1 EDTA; samples prepared inVthis. manner were 
used immediately for cross-linking experiments:' Althoug^^ 
actual yields of antibody fragments from.minirspin col- 
umns ^were -SOroVtheoretical (100?o);yieias were used 
for calculating the cross-linker concentrations indicated 
below. Variations in the above procedure^wer^ klso tested' 
m order to evaluate the effects of pH. temperatiir^'protein 
^concentration, ; arid mini-spin loading.^olume ;ori thf* 
preparation of Fal/;^; v.y;^ 

^iMtitotio*ii;of Fab' Sulfiydn^l Groupis, Analyses 
were performed in o^der to quantitete the number of free 
sulfhydryl .groups Wn.the hinge region of Fab'. -In one' 
methbd, a samplMf F(ab'), iOS mg; from per : in-digested 
if' 't j^^"*^^^^ mild reducUon and reoxidation of. 
^jrL disulfide bonds as above and then treated with an 
eqiiiM volumeof 2pmM DTNB (EUman. 1964) togenerate 
the Fab'-TNB adduct After a few minutes at room 
temperature, the sample was concentrated on a Centricon- 
30 unit and residual reagent was removed by the addiUoh- 
of pH 7.0 phosphate buffer (2X2 mL) followed by 
respinning. The sample was then diluted to 1.0 mL with 
the same buffer and treated with 0. 1 M /J-mercaptoethanol 
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(10ML;inpH7.0buffer). Theyellowcolorwasquantitated 
bywsible ahsorbance at 412 nm and the concentration of 
• * r?!?*fS.''^ determined using an extinction coeffi- 
cientof 14 ISOandapplyingacorrecdonfortheahsorhance 
oftheprotein(RiddIe3etaL.1979). The antibody fragment 
concentration was calculated using the conversion factor 
of 1.48 per mg/mL at 280 nm (Mandy and Nisonoff, 1963). 

Free sulfhydryl groups were also quantitetively eval- 
uated using a modification of a previously reported 
Boelectnc focusing method (Feinstein and Scott, 1972) 
Fab' prepared as described above (ISO^L) was treated for 
30 nun at room temperature with 0^ M of 4.iodoaceta- 
^S'S^?^"*^*'^^'^?^^*^*^Euge^e.OR)inDMF 
(3^5 mL) to give.a 5 mM final conc^toation of the 
alkylating reagen^. A control sample was prepared in a 
smilarmannerusingiodoacetamide. FoLdwngalkylatiQn. 
thesamples were<filuted to 2.0 mL with])H 7:0 phosphate 
buffer concentrated, and respun^th additioii^ buffei 
(2 X 2 'mL) on Centricon-3p units. Analysis of the 
concentrated samples was performed on a pH 3^10 agaroM ' 

'l^Sr^f**^!?^'^'^^^^^^ ^^(Roddaiid ' 

Ml!.). Conditions were as follows: 11 ISOO V 20 mA' 
1 W for 10 min follow^ by 2.S W for 25 min on a Bio-Rad 
apparatus. The gel was fixed and stained using Coomassie 
Blue according to the manufacturer's protocol The total 
number of interchain cysteines for mildfer igcim&l/(bu* 
.not iwxidized) F(ab;)2 was evaluated by a modified 
procedure in which^mihi^spin coluim^ we#rire^uili- - 
brated m pH 7.0phosphafe buffer containing 1 ffl^ 
conditions developed tp preserve free sulfKydiyl erobDs " 
during the elution sfeij: ■ \ ^ 

Fluorescence tagging^wAWa to determ^ 
; in or 1; chain) pfithc Fab* cysteine. An ali^iiorof Fa^^^ 

J^^^^^,.^:a^Hs§o ii^^^ 1 mi^':- 

5-nuorescein-maleiniide (Molecular, Probes)4n. DMF (5 
mL) for ,'30 min at room temperature. SES^PAGE wa^- ^ 
performed under nbrireducing cohditioria antf'the^^^^ 
photographed under long- wavelength UVlikfit^prior to^^^ 
staining:, • . ■ : v ' ^ y-- * ^ ' '"'^'iv?: % ; 

General Procedure'for Fab' Crdss-LinSiig! C 

icd cross-linking of^Fab? with 1 or 2 ^akj^ifei^^ is / 

: EDTA. Next, > solution of O.SS.miM trisinaleimide 1 of^: ' 
' 0 25 mM;. tetrinaleimide 2 in .DNfF^as'sdaeS in ' 
aliquotsaOMLeabh)^^llHpy^ - 
to cross-linker molar ratio of 3:! for trib<ay\or 4-1 for - 
tetrabody. the theo^retiMl ratio for completr'foi^^^ " 

unfo^^*'^^^'^'^^"*^®^^^^"*®"*®- Anaii^i^'GF-25Q ' 
HPLC was used tomonifor prbgressof the rea<iaoris; Wth 

or wiUioutprior^kylation of sample aliquo ; 

iwloacetamide. Small aliquots were also removed pm^^ 

odic^ly and quenched w 

l^^T^'^^^}^' ''ollo>irig.thel,h:reaction^rioa,^ 
•NEM m.DMF (lO^iL) was adda\t6^|i%^rriHa ^iiiir 
tration ;of 1 mMv^ NE.M servfe to dliyi^te.^iih^ 
^ ?'"^y°'>'^ group^^^^^ 
be used. After 15 min .at room temperature the entire 
sample was' concentra^^^ arid • 

injected onto;a GF.250 HPLC column usmg a slow flow " 
rate (0:5 mL/min for:triBodyV6.3'mL/min for t^trabody) ' 
to allow isolation of the peak of interest 

Preparation of Radiolabeled Trijbody and Tetra- - 
h^dy. Radiolabeled tribo'dy was prepared as described 
above, except that »*^^Rh. labeled F(ab')2 (pepsin-digested) 
was used for generation of the Fab' subunit Ubeling of 
F(ab h was performed according to a published procedure 
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(Kruper et al., 1988) in which lyaing midues were 
conjugated by reaction with the isothiocyanate derivative 
of the radiometal complez^°^Rh(BA-2,3^rtet)Cl2. 
vious studies had demonstrated the non-aite-apecific 
nature of conjugation using this complex in that both the 
heavy and light chains of IgG are radiolabeled. For 
preparation of radiolabeled tribcKly, two identical 2.0-nig 
samples of ^^"^Rh-Iabeled F(ab02 (specific activity '^O.l 
mCi/mg) were used to prepare Fab' for j^oss-iinking. 
FoUowing the;crdss-linking:a^^ 
the samples were pooled^ cbncenibrated, and diiluted to 200 
with pH 7.0 phosphate buffer. GF-250 HPLC isolation 
was performed using four separate infections. Pooled, 
fractions corresponding to tiie tribody were concentrated 
Von a Centricon-36 unit, respun twice with PB^ (2 X 

and diluted to^O nalx The o^^rall iield of tribody from 
: F(ab72 WM- 19%v'.based on the Pierce Coomassie^ assay. ' 
.Separafejprepturati^^ , 
' for bloM dearance and biiodistribution studies in Balb/c 
; 'mice, and for a 5^day;study in tumor- bearing nude mice. 
RadioUl^led::tei^^ prepared by^, a similar ; 

procedure except 'th^^^ identical samples of: *^Rh- 
labeied Fab' were treated with four additions of 0.25 mM 
tetramaleimide in DMF (10 $ih each), one aliquot every 
1 5 min. Following the 1 h cross-linking step, samples were 
; treated ^^^iisolated described above, for the tribody. 
The oven^^p^td of te 
- ; : on the Pieiice^COpmassiie assay.-e HPLCf isolated tetrc^ody f 
' Vwas c^ied fpY^^^ i; 
, 'J the 4ame animals'' were sacrificed . at .24 h to obtain * 
:bicdis&buti6h:daidi'(Table^n^^^ V.. V , . 

. Bio^tii|buUo|i Studies^ Female athymic nude mice. '; 
.;\ (hWnu,VCDi\l^^ were obtained, frorn Charles / 

Wver (Wi^^ at 5-8 weeks.pf age. Micie^ were N 

hdUsed oir Itaiiha^ flow racks in*cages vtith filter bonnets' ' 
/ ; janll fed aui6bla^^ ; 
libitumvVBalb/c mice were obtained from Charles / 
: ;Y River i Rortt^e^MI) ^^^ weeks of age. VAll animals^ were , 
.acclimatc^-at^ieast 1 week prior to experimental use. LS- , 
• u 174T human^cqlorecUd. carcinoma ceU;line (ATCC CL- 
188) was^mluntainied in tissue cfulture in minimal essential 
^ -media^suppiem 
V^V c2 mM:glutaminerahd 10% fetal bovine serum: cGultures i 
J w^e harvested weekly wiUitrypsin-EDTAa^ 
;;vj^Tand viabUity; determine^ by trj-pan blue dye f kciusioh.-;^ 
.V^. 7^Athymic^uH^^^^^ injected sc wfth 1 >c IQ-^ LS-i; 

4'v j:^i74Tce.Uiif^0^^^ media and sci^nefd for tumor/: 

f' 'grbi«^;l:1.^13'da)^Jilate^^ Mice bearingitumor xenograifts ' 
' 'in thei^e of 10()r300 dog were selected for bipdbtribution 

studies- j^d'^sbited' t^ groups. Prior to injection, ' 

' four syi!inges of radioimmunoconjugate were 'raiidomly 
selected*4ah'df^expel^ into counting tubes to serve as 
'ihjectionjstandar^^ Animals were lightly anesthetized * 
/ with^Meti>fa!i^:(P^^ Moore, Mimdelein, IL) and £he 
: radioc^ijugate of interest ( 1-2 jiCi/ 50 ^iL ) inject^ into 
tite tail vein^'^Fori^lly time point bhxxl-clearance studi^, 
^ ^../mi*ciE^^^e^^^ with ketamiiie hydrochloride 

^-^((Ketaset^iFort Dodge Laboratories, fort Dpdge, lA) .to.> 
• ' enable repeated sampling from the same .'^t '^imals. Blood, 
sampli^ for: these studies were pbtiuned; by retroo?;bital ; 
. _^ ; puncture iS^ing heparinized capillafy. tubes.;* At 5,;24,'48, , 
\>'*{aiid'^i20 h-postinjection, five animals were'emesthetized ^ 
and 'exsanguinated. The blood was placed in counting . 
: tubes and weighed. The liver, spleen, kidneys, and tumor, 
> . when pr^ent, were'removed,.rinsed in PBS, blotted dry; v 
and weighed. These tissues were then placed in counting 
tubes. The Gl tract, remaining carcass, and tail were 
placed directly in counting tubes. Radioactivity was 
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Figure K Structures of compounds usedfor cn»s>linki!2g Fab' 
antibody, siibunits..^. . / ; *^ * 

deteminediusm^V^twe^^^^^ 

cc upied toa^NDSS (^4^^^ Schaumbeig, IL) y-ray " 

spectrometer and a Se^^ Model 1185 automatic sample ' 
changer (TM jflmd^ Village. IL). Statis^cal 

ouuiers y^re^rdenCifietl.^^^^ froii' Uis' dkta act 

using the ANGlViS^j^^ Institute Iiit,;:GaiyvNC^ J 

RESULTS^NDcptsra :> r ^ . t;- ^ 

Design' Vpf r^G A:'/variety/of <^tein'e^ 

sidfhydryl jriMifi^^ the, lit- - ' ! " 

erature:(fora r^vie^^^ For, f . 

the present wprk; 'w^ cfiose the nialeimid^ functioimlity 
because of ^itk/:^^^ for use in protein 

wyalent m^ifi^tio^^ ; Tl^ese advantages indvid^ (a) rapids 
reactions ih^th^h^^^ riajigeO^n^lw 
; concen'tradons of pn^^^ arid reagentrCbVapea^ 
^cystoiheiuJ^^ 

compoiinds|^^^ (d) - stability* of resulting * ^ ^ 

v thioeUjer bon^ Al- ''^':/ ' 

though brdm^tt^tam 

sijdfhydryt^^TOul^^^ they are genei*ally liMs'^ ' 

reaictive .tfiM^m^^^^ et aL, 'l991) and " ' 

therefore a gtjeatei^atolc^ For . ' ' 

the.crc^-UnJ^rig^^^^^ descnbed here; rapid sto-' ' 

ichioin'etrjcjireacfi^Tn^^ for^ obtaining the; t 

target;immuridkx>njuga^^^ . ' 

reaction^ ' - ' ; ' ^ ' ' "^ * ' !^^^;?**' 

\ V;Two^neW'C^^ r' - 

imide^2 tEigitfe^f ^^^^ cross-linking'; ■ 

reagente:'>Thel^1mulf!^^^^ an: * 'J * ' ^ 

extension of tlie'series beginning with the bismaleimide 
reagehte previously reported for theipfepara^^ of *sti-^ ^^^ ' 
.bilized=F(abOV(Quadrieta:.1992)''a^^^ . 
(Stickney.et al.; J988; Glennie et at, 1987): The; design; 
of l and 2 was influenced by the notion of keeping' tike ' ' 
structures relatively simple and al^ taking advantage of ^ 
ldiovmV}^thetic'rout^''ana^^^ 

Compounds 1 and 2 represent a starting point for the 
preparation of multifunctional antibody fragments; future 
modifications may be necessary in order to optimize the 



structures for ¥a\/ cross-linking applications. At least 
one report has appeared on tiie use of a trifunctional 
alkylating agent for GToss-Iinkmg protdn subunits (Hm 
suka, 1988). The mustard compound tris(2-chloroethyl)- 
amlne was shown to react with botfi cysteine sulfhydiyl 
and lysine amine groups in the heavy chain domains of 
myosin adenosinetriphosphatase. The trifunctional and 
tetrafunctional reagents described in the present work 
were expected to be specific for cysteine sulfhydryl groups. 

Preparation of 1 was achieved tluough a multistep 
procedure involving taction of tl^ trii^^ 
benzenetricarboz^c add wiUi an excess of ethylene 
diamine, followed by reaction with maleic anhydride to 
formatrismaleamate. Reaction ofthetrismaleamate with 
sodium acetate in acetic anhydride resulted in cydization 
to the symmetrical teismaleimida Tetramaleimide2was 
prepared using a slightly different approach involving 
attachment of preformed bismaleimide segmfents onto a 
central phenylenedi^^ Thus, 3,5^5li^minobeh^ 

zoic acid was converted in two steps to the bismaleimide 
' acid mtermediate, followed .^by formation W the. acid 

chloride, and, finaUy; reaction with p-ph^jnyien^ 
to give.2. ' 

Preparation and Characterization of Fab', The 
literature contains numerous methods for the preparation 
ofFab' fromF(ab')2. In many ofthe reported procedures, 
however, the quality of Fab' pitbduced is less tiia^ptima] 
in that iralyaciylflomde g^ 
small amoimts; of H' and L chains remcuning 
reduction of the parent fragment (Glenme:^taL,'l9^^^ liii- 
the present work,;a oiodificatidn of an olde^method wis 



^. .i^^aoyui/A* ouu nivcn*, xuoip anu invoiveacreauction^of * 

interchain dia^im 
'■^ and H'-H' bonds using a stream of oxygen at pH 8, Under 

these conditions. Fab' is a iikel>r iritiMeiiiate^ince 
: "intrfimoleculMv{H--^L) disulfide fond^ witfiinllhe Fab' 
r -suburift would be expected to form more v^picily than 

•'intermolecular^CH'-H') disulfide bonds te^^ 
-..subuhits:^ y/. ■ / 7— 

We report here & preparation of Fab' ^ 
fragment of; napm^-jonal antibody CC4^\tm^urine IgGl 
^ subclass). A muitistep pro^ure^^ 
i iijvplved mildieductron of F(ab')2 foll6w^>y sdective 
./reoiidatiohi^^^ 

. ically were carried oiit on a smidl 'scale (2img p^^^^ 
F(ab')2 was first treats with exceffl dithio 
; at lieutral pH to effect reduction of all ihterchSih disiJ^ 
r \bonds, ; Preliminary experiments were jDomitictea^ - 
:;amine the influence of pH on the rate of idis:idf!de: bo^ 
,::reductipm/As expected, reduction proceeded:fa^ter wiUi^ 
.increasing pH over the range of pH 6-8 (dati tjot^hown). ' 
Use of phosphate . buffer at pH T.^aDow^- a?^:plete ' 
; ^ reduction of fragment interchain disulfidesf iii ife thaiiriS ' 
roin^Figure 2a).*r:^ ' ],'■ ■';{ * ^"'5:. V>* . ;/ 

Following the mfd ] 
was jremoyed from; reaction? na 
^TilUaU6n pi(t>dBdur^:(Me 19g4K performed Here' 

usmgcommercifidly available rmini-spin: Column^ This 
. P''?^?**^'? s[erv^ Bbth to aerate the elution iiuffer aiid to 
< exchange-^ pH 8; conditions whicH- 

allowed selective reoxidation of H'-L disulfide bonds 
(Figure 2 b). The rSults show that formation of disulfide 
bonds between ,H; and L chains was virtually complete , 
following a a-h incubation period at room temperature. 
Minimal H'-H' bond formation was observed over the 
same time period, although incubation for longer periods 
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. f^^^'^^r.StudiMonjthe^prepw^^ 
by a proc^jof disutfide bond reduction folJowecl^by;8el4ctive > 
.f«^^^v.V?-"P^'^f^W'>.at2 
to^mild reduction using dithiothreitol; pnK»a8ed6vei;*'mim-^ " 
: col<pns and ina^ at room temperature (uni^'otfer^^' " 
indicated) pnor to quenching with excess Jodoacetamide (for -- 
detoilsse^Eiperimenta! Procedures). SDSrPAGEaaalysia'wasV:; 
performed ion lOrr polyacrylamide geb under "nonredudng^ 
.c^ndition8:::.Molecular weight makers wjere phosphorylase^ ' 
(?5kDa),seniinalbumih^(66kDa);bV^ ■ 
anhydrase (31 kite), and'trypsin inhibitor (21.5 kDaK^'Pmiel A: ^ 
.AntibcKly fragment reference standards for re^^^ ' 
l^e lvCC49J(ab')2; iMe 2,/F(ab02 1^^ with 20[|iiM DTT m 
for lo min at rrom^temperature^ and .quenched with iodoaceta- ^ 
mide; lMe3. Fab'-p>Tidyi:(onned By treabnent of mUdlyrediia^ 
^5?^^^^^"P3^'^*'^^anelB; Time-dcpendCTce 
of disulfide; ]>pnd:^fpm^ tollowing miiii-spm processing - ' 
F(ab02 wa& mildiy reduced anil MiijubWweriB proce^ 
spin columns at pH a . Lanes representraliquotfe>in& 
room temperature for the time:period£..indicatcd:^^^^ 
ortwomini-spinprpcessingsteps. Panel Ci.Etff^fiic^^ * 
temperature on; the rate. of disulfide Iwnd forma^^^^ 
vas mildly reduced and prbceMed over mihi^api ■ 
8, and samples were incubated at various temperatiiff 
were quenched with iodoacelamide at postepin tiinS' of !2 and 6' ' 
h. Panel D:^Effect of buffer pH on the rate Of distilfide^bbnd-v • 
fomation, iF(ab')3 was.mildly reduced and.processe^ over inini- -^• 
spi^ columns using phosphate buffer adjusted to pH 6^0/7.0. 7 4": ' > 
or 8.0. Aliquots were quenched with iodoacetamide followiw^^^^ 
'ncubation time at rc,-.'n te^ 

did lead <^'signifi^^^ 

' dirae'r?- TtfeSe results* ai-e consistent with a' relati>fVly fast 
rate of disulfide bond formlrtion betWeen H' andL chains* - ^ 
compaiydVwiiK th^ disulfide l^iid- fomation ' ' 

between;Fabr subunitaf *vV. " * S'^' " ' 

Evidence pointing tqihe importance of buffer deration 
was obtained from theYolIbwing two experiments. In the 
first; mildly reduced Ftab')? was proce^eid sequentially 
over two mini-spin columns, both at pH 8. Analysis by 
SDS-PAGE (Figure 2b) revealed that reoxidation of H' 
and L chains to Fab' was completed in approximately half 
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the time normally requited for reoxidatibn using a singte ^ 
column. In the second eiperiment,F((sd»08 was siibjec^ 
to mild reduction using commerdaUyavailab^ 
Samples were then processed over empty mini-spin 
columns (no resin, filter only) and left at ambient 
temperature for several hours. SDS-PAGE analysis 
revealed that disulfide bond formation was slowly signif- 
icantly in comparison with the r^ults seen with the usual 
protocol (data not shown). 

Examination of the rate of disulfide bond formation as 
a function of temperature was carried out over the range 
4-37 ^^C at pH 8 (Figure 2c). The results iUusteate that 
disulfide bcmd formation is speeded up as the temperature 
is increased, and that, nearly complete reformation of 
disulfide, bonds' between H'-L and H'-H' chain pairs is 
possible when long incubation tim^ and/or elevated 
temperatures are used (6 h at 37 **C, for example). 
Examination of ,Uie rate of disulfide bond formation as a .-' 
function of ^ was carried out at room temperature using 
• mini-spin proc^ing.conditions ranging from pH 6 to 8 
(Figure2d): Nptunexpectjedly, therateofdisiil^ 
'formation was ehhfljiced- with increasing pH. ' It was also 
evident that a range of pH conditions could be used to 
produce Fab^ with appropriate adjustments in the incu- 
bation time. 

Additional observations on the rate of disulfide bond 
formation^were 'as follows. An increase in the protein 
. conc^tration waspbserved to result in a higher proportion 
of the unw^ted dimer form of , the frajgment when , 
' reoxidation-jovas . carried out at room temperature. Inv^ ' 
creasing the mini-sy in <»^^ loadi|ig volume was found ^ 
;to alow; reoiudatioW pi^umably diie to ari'mcreasexin: 
■ 'amount of^Dl^^; whic^^elut^ along with' the protein 

frartioh. was included in\the inini-\-, 

L.spin cplimin ejy^^ wais . . . 

slowed, dramatjipdly oyer pH range 6-8. (This pro-: * 
cedufie, whenVtimrried out at pH ,6-7, is iiseful for the--'^' 
preparatioh of noncpvalently associated H'L flairs). The ; 
abbvje'result^^s^^ of the'^ \l 

^ ' rebiudation r^btidn can be used to successfiilly 

^ . prepare Fab'lubVnits. . Conditions selected for the routine ; 
;preparation'il^fjF^^ as follows; 2 m^mL initial * • 

^ xoncentratiqh ofF(ab02, with pH 8 processing over a miiii-rL 

spih 'c6iumnf(^^^ present), and a 3-h^inculia^ 

. * penpd ,at room Vtemperature. Over..the TOur3e;pf;,mjffi>^^ 
^ : exp«rimeh v^iabUlty ' was 'noted C i^t 

: ;.mth respecti^^ time' required for complete , z^-. 

irH'-L disuiitTC fonnation, but 3 h appeared to be the- 1^1 - 
average tiaie^tequired.> * . ^ ' i '-- . r' " 

When" EKTA'Wfi^ to solutions containing Fab' ;: 

. foUowingthei^cubati^^ 
formation.was'slow€^:dramati^ at pH 8 and to a-lesser 
extent at pHu7o(figure^3). Therefore, Fabf ^containing ~ 
solutions were routinely made to 1 mM in EDTA following! f 
tte o^dation^it^P, ih The" ' 

/'prince of a smia^^ of dimer was not:Of concern,, 

, .however;-l>ecause^^ duner could be separated from the^ \. 
, vlvigher mplecu^ tribody or tetrabpdy product at; , \ 

^ja later time by^el filtration chromatography: Jfde^iredv^ . . - 
,.,.the. pH of^the final solution containing^,?ab^could be^ *. 
. adjusted tpji lower value to further slow dimerization while. * 
'Still allowing nipid reaction of the Fab'^sulfhydryl wiUii 
the cross-linking reagent However, the; use of a pH 8 . * 
buffer was foimd to be convenient for bdt^ the Fab'i 
repxidation and for the subsequent cross^linking ^step. „ ^, 
^' Following confirmation of the desired 50- kDa* species 
by SDS-PAGE analysis, characterization of Fab' also 
involved quantitation of hinge-region sulfhydryl groups. 
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Figured. Effectof EDTAon the.staimtyof FaV^^ , 
was prepared, HyjLhVstcufid the usual 

3-h incubation period; the bufferwas either aic^u^ed to pH 7 or: V 'v 
left at pH 8 in the p^Sbenp^ Ein'A. , The Hnsi , V 

concentration of Fab'; w&" iappro 1 mg/mL.', Sample 

aliquots were quenched with iodoacetaroide after 3 or 20 h at 
room temperature. 
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' Figure 4: '^IsoelectricfcK^ of dia^e-mociined Ot^^ 

jFablahd H:^L pai^vHabOrwa^ 

over mini-spin <x>iunms i? one of two ways: At pH,7.0 in -the* 
presence ofiEDTAjvtc^ •yield the H'L pair (lanes 1 and 3), or at 
pH 8.0 in the ab^n<^'pf^EDTA,^.to^ Fab' after the^usual S-h 
incubation peHcHl>(ia^^i^^^^ tiien quenched 

either With iodoac^tamitle (lahes^ll 2) or witli 4-iodoacetami- 
. dosalicyhc acid (lanM-3,c4):^ • ' - ^ - • ; 

Murine IgG is^knovm .to possess three disulfide bonds in: 
the hinge region-. -^^^ determination of 

rfree x;ystemes;oh^^^^ by the mild recluction ofi 

FfabOz from .pejKOT piVe dose 

;^to:the^eipect8dy^^ 

^jditlu^yridi^^^ 

.et;il./4985y- sulfhydryl groups on 
CC4i^*.Fafr i^^^ gave a TNB2-- to Fab' 

molar r^tio jafl/ j^J That the ratio was approxiinately 1:1 
and not' 3:1 siijgg^ests^tmt tWo of the three hir^iel region 
sulfhydryl grou^s'wei^;/^ to'fdnn f^:inWchain 

disuinde bond;^ea^n^ne^^^ siilfhydr^l eproup a^ilab^le 
for siibsequentlm^^ . . „ . J., * '. ; v 

Sulfh5rdiyl;,J?r were alko' quanlitatively 

evaluated using ^^a^^ of a method^^ported by ^ 

Feiiisteiri' and^^ The procedure ^involves 

chemicaf ' minifies tip^ a negatively 

chaigeil alkjrlatio^^^ 

by* isoelectric focusing analysis.. In'theLp'h^knVw^tf^ a 
single eharge shift was observed by lEF analysis followiiog ^ 
alkylatiori ^bf 'FaBv with '4-iqdpacetaimcia^ 
(Figui^ 4;iane 4) Jhdicating the^ 

. region cysteine. An advantage of using iodoacetaxmdWal- 
icylic acid compared with iodoacetic acid was its^nduced 
tendency to generate contaminating iodine (a sulfhydryl * 
oxidant) upon storage. Also, iodoacetamidosalicylic acid 
was found to react more rapidly with Fab' cysteine 
sulfhydryl groups (data not shown). In a variation of the 



lEF analysis* mini-spin processing was carried out at pH 
7 in the presence of 1 mM EDTA. Under these conditions, 
the newly generated cysteine sulfhydryb were preserved 
in their reduced state. DBF analysts of charge*modified 
¥aV prepared in this manner (acteially the noncovalently 
associated HI. pair) showed a striking shift toward the 
cathode, indicating charge modification atseveral cysteine 
residues (Figure 4, lane 3)* This result is consistent with 
the expected number of sulfhydr^ (five) for mildly 
reduced murine IgGl-derived Fab'. Conto»l samples of 
Fab' or the HX pair which were alk^dated with^neutral 
reagents (NEM, iodoacetamide) showed no charge shifts 
by this analysis. Comparative lEF analysis showed that 
Fab' prepared from both papain- and pepsin-digested 
F(ab')2 gave virtually identical charge shifts following mild 
reduction and alkylation with 4-iodoacetamidosalicylic 
acid. 

^ In a qualitative test to further define the location of the 
free cysteine, Fab' was treated with an ezoes^bf 5-fluo^ %^ 
( W rescein-maleimideand analyzed by SDS-PAGE (data not ' 
^ shown): Under nonreducing conditions, a single fluo^- 
^ ^ fcent band was observed near 50 kDa WKen^ sMnpIe of 
^ nuoresceinrmodified Fab' was subjected to iniid reduction 
and alkylation prior to gei analysis, a fluorescent band 
corresponding tc the migration of the H' chain was 
observed, consistent with a pattern hinge-region modifi- 
cation. • - 

. The^^aiTrPxidationtprocedure d^cribed there ^ for the 
preparation of Fab'; has several advantages over known - 
■ methods.- First, Fab' is produced -as a\^hbmogeneous ■ *^ 

product, with min.mal dimer formationVWd- lacking- 
.* contamination from noncovalently bonded H' and L chains 

(which would remain associated under neuti'al^aqueous ' 
, cconditioiis). Th^^ that;yirtually all H^Md^L cha^ : 
are rieiwimecte 

, that no unwanted chemical cross-linking can occur at these 
sites. For some applications involving '^intraM<^lecidaf^ * ' ^ 
vcross-linking of cysteines in mUdly reducc»d IgG^;;^^ be * 

; desirable to effect cpvailent attacKmentof wti6^^^ - 
: aiid light chains with sulfliydtyl-specifici'mociification * 

w reagents;.(Packard and Ededin^ 1986; Xiberator^.et; al!, 

^ 1990; Goldberg et al., 1991). However, tHe ^siSkre^fiil 
preparation of . F<ab')n-x and F(ab;)4-x- d>pen^^ 
- ' seliectiye dross-Uhkii^ at bing€=jr^^ii s\i^ 
" 'arid hbtKetu^ ' ^ X * 

; ;;A^;8l^^ is Jtlwr prepi&ati^^ 

^sUaightforwani'^^^^^^^ does hot involve ti *, 
dialysis steps, axid theeiitire proceSi^^ 
under ^b. The resulting Fa • 
. for use in subsequent chemical modincatip%0aaic^^ or 

^'^^ be. stored frozen, for future use!. FabU^ alsp be^ 
prepared' by a procedure proposed recentlyiby Gli^^nle- : . 
arid co-workers (1987). In this meliiod,^ i^e 'of .:2;2>r 
dUhiopyridine apparently leads both- to H-^L dwuifid^^^ . 

. fonnation arid to' formation of a mixed HisiUfi thet 
hinge region to yieldiFab'-pyridyL^ The.pj^^ . 

I'tHen selectiyeiy rem by treatineritly^ 
agent atjowp^ In our hands,.tiii3 metJ\cd^^^^^ to/f 

/;yieldahom^ / 
And, ite reduced counterpart. Fab' anot shown). 
.^.^J^eyet,-tWm '\' 

the^aj^TO^id^^^ ^ Although notjexplored 

here,;^ alternative prbcedure for Fab' preparation would 
be t^ cpritroiled delivery of air or oxygen to a solution 
containing tHe mildly reduced fragment.. in, the. manner . , 
re(k)rted previously for the preparation of F(ab')2 het- 
erodimers (Nisonoft and Rivers, 1961; Staerz and Bevan. 
1986). 
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FigTO 5. SDS-PAGE anal^ 

CC49 FCobOs was subjected to mild reduction, reoxidation, and 
mcubation at pH 8 as described. Aliquotsof Fab'sohitionWere - 
then treated with trtsmaleimide I using the molar ratios indftated 
(given as IrFabO. FoUowing a 1-h reaction period at room* 
. temperature, sunples. were subjected to mild. reduction with 
^ dith;pthreitolahdalkylatio;nwitheices8 " 
viauaiKation of H' and^L chains as distinct bands undeTv.: 
^nonreducing conditions. Lane C represents conC-ol iPab'wit^ nd"' ' ' 
..;cr6s»-linker added.' " ** ' • ^ v v ">v-'^.t:^,4;r 

Preparation of Multivalent Cross-Linked Antibody 
Fragments. Trismaleimide 1 was used for the develop- 
ment of suitable reaction conditions for joining* Fab' > 
subunits. For these experiments. Fab' was used as a^ X 
solution (2 mg/ii|LL)jin pH 8 phosphatebuffer.^^^^ 
results of, a study designed .to determine, the'dptiinal; . 
J fragment to o^oss^linker ratio ar^e shown in Figure j5. In-\ 
this experiment, individual aliquotd of freshly prepared : r:^. 
FaW were tr^ted with varying concentration of .l fOT 30^-v^^->^^ 
min at ambient temperature. -^Reaction mixtur^''^w^' *r:r 
analyTftd , by SDS-PAGE under nonredudng cdnditicMM, {J ; 
following mild reduction and alkylation* a tjreatm^iwhii^\jl?^^ 
allowed separatioh^of tfie'H' and L ^TlieL^data l 

, revealed Ui^t^a^Fab' to 1 ratio of approximatdy 4:1^10.6:^ 
was optimal^fnr tribodyiprmatidn, as eviden&ediby W -^^ 
increase in intensity of the band corresponding td the c^ ' 
linked.H' chain (HVx, 74 kP^ ' \\ 

in the intensity of the Hj. band (26 kDa) indicated that / 
nearly all hiiigerr^on sidfhydorl groups were rea i ^ 

the cross-linking reagent; Analysis pi reaction mixtiires : 1 
by gel filtration HPLC-yielded-siinilar r^ult^ (<j^ta not ' ' 
, showii).' Jn theory.aFab'to^l ^ should be bi>timal '} 

for complete ja:oss-llnk^ The.'dis^r^ah^. may^^^ V 
Vin part to%eJoss of protein during!the'nimi%m:' ^^^^ 

elution step ^(cecoverics were 'rnStfJn ^. ! '•Jl V ^^s^^^'^^ - §^ 

Ori6 po^ible explanation for the mTO 
of F(abOr,x fromFab' is that side reiclibns may i>w 
' nori-xyst^ine residues, leading to the loM ' 
reactiye mdeimide furirt^^^^ (Gleimie et kl0987): 

' This possibility aki^^ expiaiii the'presenc^ 
amo^ts of High'molefciilar weight specif tfiaiWre offen ;: - 
observed ;by SDS-PAGE or gel filtration ' 
the preseiice of more than one free cysteine in tp^h^ ^ ^ 
region of some Fab', molecules could* Jea^;t6 upwa^^ 
radtimericspjfecies. While bur analytical result \ 
thepresence^of ajsingie siiirhi^^^ '''' 
possibility exists* tHat som^ 'of thie'Fab' moleculea Wre- 
heterogeneousu^^^ , x^-. . y - 

Vari.biis*;ot^^^ from' tnbpdy prepa^^^ ^ ' 

trials We notewo^ l]}e''6f either: pepsin papam- 
. derived f ragniien ts gia ve similcir r^ulta in small-scale cfc6S- 
linking reactions. (Due to availability, the former were 
used for most of the early analytical stiidies, and the latter * ' 
were used for preparation of radiolabeled tribody and 
tetrabody for in vivo studies. ) Cross-linking was observed 
to proceed faster with increasing pH (over the range pH 
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6-8), altiiough similar product profiles were observed upon 
completion of the reaction. When a shorter incubation 
period than 3 h was used for Fal/ formation, the yield of 
F(ab03-s was decreased. A likely explanation is that 
disulfide formation within Fab^ subunits was incomplete, 
allowing "extra" cysteines on H' and L chains to participate 
in cross-linking reactions. Alternatively, a low concen- 
tration of unoxidized DTT may have been present 
following the shorter incubation period, leading to rapid 
consumption of the cross-linking reagent 

F(ab03-x was found' to be stable over a 6-h period at 
room temperature vihen exposed to buffer conditions in 
the pH range 7.0-8.8. Stability was monitored by SDS- 
, PAGE under nonredudng conditions (data not shown),. 
In contest, I^XabOs-x was slowly degraded at pH 9.6, as 
evidenced by 'tiie appearance of two new bands near 50 
. and 100 kDa, presumably the monomeric and dimeric 
. forms of Fab'? {Weal»a observed is pH-related instability 
^for the bismalmmidooctane cross-Ur^^ 
^x, which wias '^proximately 50% degraded to a 5Q-kDa ' . 
prodixct after; 24 h at^ 9.6.) ; Although the maleimide-^, 
.'derived tbibedier bb to 
physiological conditions, it appears to be unstable at high 
pH, as has been noted previously for maleimide adducts 
of cysteine (Sm^'th et al., 1960). 
- Preparation<.of Radiolabeled Tribody and Tetra- 
body. Because of the obsc^ed instability of maleimide- 
-A cross-linked fragments at high pH, we decided to prepare ' - 
-radiolabeled F(abOarX and E(ab')4-x for animal studies v ' 
' using Fab' ^ generate F(iab')?. This /^' " 

' '^strat^'avoided. Subjecting the unlabeled 'abss-linked x 
products to the biisic conditions (pH > 9) iypidaUy required'^v - 
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RadibkbeledF(ab?)2waspreparcdvi^^ ' ' 

-'amines with the' iddthiocyanate derivative 6f tiie ritdionietal — 

complex *o='Rh(BA^2i3^rtet)Cl2 (Kruper.et al., 1988). As ; ; 

it possesses lMth^ir*'a^ ^iniaiions, ^^Rh iii a candidate' 
- for lise in ciwcer^ It'^' 

et al.»''1991)r ll1ie>table radiometdchekte compter was 

favored for bioidistribution studies over radioiodine due j 
' to the apparent 'tendency of the latter to debalogenate inr^ 

organs (CairieifiqtiOlo'^t al., 1984). Furthermore,; it was'F ' ' 
. expected tWt^con^ of the *^Rh(BA;2,3,?^,tet)Cfc^ 

'compiex'^iito^^ z^idues Would les^Hol^^ 
; ctiaiige,'~Since the complex itself was beliey^to |)Qsse^> , 
^^^dn'overaU This exf^tatibh^M^t^i^ ' ^ 

"by 'isifelecfric^^^ ' . \ . . ' 

' i\Tladiolabeled^ was prepared .by; addition of f,V^' 

. tximiideiii^ide*)^^^ prepared sample ,6f **^Rh- ^ 

labeled -Fab';:^^^^ Fau' to 1 molar ratio of 3:1 was / 

achieved byM^e^addition of severid-smaU aliquots of the ; . 

cross-linking reig^^ This procedure was used for .the ■ 
* preparative re&cUons in;order, to maximize formation of . 

the d^ir^ prbdticV- wiU^ local high conpen- ' 

,^trations off tKe^ crc^jinker, and to prevent overiadditiph ;^ 

ofthe-reagenii /Jlie of reactioii Eoixtures .was.i . 

I- asis^sed by i^^^ with autoradiographic v • 

detectio^^ Under nonreducing-^hditions, a 

'*band corf^pbndiiig to F(ab')3^x was obsisrv^ |1 50 kDa) *^ - 

along with* bands . corresponding , to U imer i and * Fab': ' ' 
^.monpmerX 100 50 kDa, respectively).' Under reducing 
-^conditionsra band corresponding to cross-UnkjM Hvchains^ ' 

(75 kDa) was observed, along with a lower m6le<ailar weight ^ * 

band presumably corresponding to HVx. Following a brief ^ 
i all^lation 5tep . with Methylmaleimide,; ^°^Rh7labeled., r.;; 

F(ab').rx'was isolated by gel'filtration chromatography 

(Figure 7a). HPLC analysis of the isolated product gave 

a single peak by both UV and radioactivity detection 



Fignre S.'^ SDS^PA^E'autdfadiogiapi^ of radio- 

labeled CC49 FCabOr x^ahd F(abOi-x preparatioiu. Far thecroes* 
lioking reac^on3,<.freydy, prepa^ *?1^(BA-2,3,2-tet)^labeled 
Fab' was treated;^with'^t^^ theQretiqd^ molar excess' of etther- 
trismaleimidje 1 (ranel A) oiMtel^az^ 

I n J^iMtnmecial^iv^^ **crc ' run under. iMare^ • 

dudn^tonditions (lanes i-^6)^rt^ucingct>Aditi6ns (kiies7-10)V 
Lanes 1 and 7v radiolabeied'F(ab')2 starting materud; lanes 2 and 
'3, Fab' (identical s^plea in aeparate'reactionvials)! lanes 4, 5, 
' 8,* and 9;:cnids' reaciibn' mixtures -foUowing a^^ 
linker Wes 6 and. l^^^^^ 

,(Figur^e7a).i'^^^ 

(Figure 6a) i^nfifm^t^^ of die isolated product, 

snd reyeaied Uie ^^ence of bands corresponding to Hs^x 
. and ;L under, jrediic-ir^ 'conditions. - > ^ ' t - . 

- . RadioIab^^l^abOrx was preparedina similarmanner; ~ 
.except tlmt the finM molarfatio of Feb' to tetramiedeimd^ ' 

2was|;l^;B^S]b^^ 

a . sibail ' the reaction mixture 

] 'a>rresipibndeid to the ^lesiir^cl 2(M)-kDa product {Figure 6b). 
Qthergel band^^^ weight 
species including* the .(fitneric, dimeric,^' and monomeric 
/forms o^ ?ab\' Aa^show^ in^Figiro 7brHPU3:is6latfa 
* -^Rh-labeled. F(ab!')<iye^^ried oontaitninated with tri- : 
body and imidentin^ weight formis. The ' 

low isolated yield bftotrabody permit^ only a preliminary ' ' 
biodistributiohstudy;tb As 
jt ^ pcj^ibie^Qiabthel: cross-linking ' 

,reagetttV(iKg. ^i^dipi)hobicity;- linker length) inay play a 
role*in:ite ability t^^ with'sulfhydryl groups' on Fab^ 
tetrainkl'eimide 2 may not be aii optii]^' reagent' ' t * 
> Immunoreacti vity of the radiolabeled cross^hnked frag- 
ments^ wasassessed by ELISA (Figure 8)J>Un'cohjugated 
and'^f^Rh-labeled F(ab')2 showed simikuf proHlWy-wli^ 
both the radiolabeled F(ab03-x and F(ab04-x forms shbw^ 
enhanced binding compared to F(ab02. A possible ex- 
planation fonthe higher absorbance vialues obse^ed at 
low dilution is that the second antibody may be capable 
of binding to more sites on the cross-linked fragments 
compared with F(ab')2. Since both '*^Rh-labeled F(ab')3-x 
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Figure 7. Gel nitration HPLC analysis of radiolabeled F(ab')r x 
and F(ab')4-x reaction mixtures and isolated product;). '"^Rh- 
kbded CC49 P(abOrz (panel A) and F(abO«-z.(panelB) were 
prepared as described, and product mirtures Wre subjected' to 
GF-250 isolation. PreparaUve HPLC profiles with UV detection 
are shown on the left (note differeht windows of time.iBhown for ^ 

.the two sample), .'.\nrow3 indicate the peaks collectedr>- Analytical ' 
profiles of the isok ed F(ab')r s and F(ab')4*z products are^shown; : '\ 

.at right, with both UV detection (top) and rbdioactivity (bottom )> <; - 
detwtipn- shown. Flow rates for the isolation of /(abpr? and v 
F(«K'){-Tr w^rp()..'» ntid 0 3 ml ,/min, rpflpwtiyely; tJ^epowjrotp'fAr;;^^ - 

<:ancdytica! nins was hO mb/min.- Tlie lTV peak near 'i5*min'was> ;^* 
probably, due to buffer salts. . ^: i^^. r, / * . 

■ V./. • . * - * . ' ■ ^' y-^^K.'y,^. 
and F(ab')4-x were immunoreactive, it appeared that^the - 

cixiss-iinking procedures did not compromise the^ability V - , 

of these forms to bind antigen in a soUd-ph^se assay; (In . , 

previous studies, the bismaleimide-crossTlihk^iF(Sb')-2^ ; 

wGis found to retain full ibimunoreactivity cpini^ared with ; 

unmodified F(ab')2). - ^ ' ■ 

Aoimal Biodistnbution StudieSi A~^^p^^ - ' 

"biodistribuUon^udy comparing *®Rh-labeleaF(ab')2and 

■ F(ab/)3^;x was i^ out in Bdb/c mi&. f -F 

eairly blood'Values and Table l lists biodistiilm^qn^t^^^^ 
for the same animals at 24 h postinjelctipn.*'\Comp^ 
with *F(ab')2, FCab').-*-! showed a longer bla6^^ 

. time and 'decreased kidney locdtzation^ySigni^ 
higher -liver, spleen, ciarcass, and wHple^bbdy /retention * 

ieveU were obseiy for F(ab')3-x. ;The fact*^to 
F(ab')2and F(ab')rx lack the Fc region ma>\<x)Vrefate*^^ ^ 
their ■relatiyely rapid blood clearance/sincejtH^segm ■ , 
ia believed to be resi^ for the long circuliftioi^^^ 
bf 'the' intact immunoglobin molecule (Waitfmarin^iuid ':^ 
Strober, 1969).^^ - - - .-.^.r^^^^i^^ r^^ f^^^^^ 

; ^The bi<)(lisUibution of '*^'^Rh-labei^F('ab:'Fi^^^^ 
m« Results of Ja bliibd *^km ' 

(Figiire 9bT indicated that eleararice^of F(ab'>4-i from ^be 
drculation*- wM,*s^ to that of 'fCab'Jo at- early time 
point&TBidHdistn ' 
at 24 h (Table II) showeH significant gr^^ 
of tbe'riidlolabel in the liver for FCab'U-x' compared with 
F(ab')2.>kidney localization was decrea^, while spleen 
and ^hole-body retention were increasied for the*F(ab')4**' ' 
X. It seems plausible that the extensive accumulation of 
radiolabel in the liver for F(ab')4-x may account for the 
relatively low accumulation in other organs. No further 
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Figure:^ ELISA immunoreactivity: analysis of .'''^lUi-labiBled?'^. 

■ CC49'F(ajb')rx aiid F(ab'>4-x.. HPLCri^lated trib<Miy.(i»nd^^^^ ; 
<^inares). and,te^ (panetB, b> were assessed for imiQU--:. 

. noreactinty by ELISA and compared in the ^same ass^^with- jC 
iincoiyu^aled F(ab'>2 (O) and |.^Rh-labeled F(abli (A),, Suit^ 
concentration for all anUbody forms were lO^Enl^and pi^^ 
purified TAG v-2 Was used as antigen as detailed in Experunenial 

-'Prpc|^yi^^::^w,.* ... . ^'l;^-^i'4^■''^- 



animal work was performed with F(ab')4-x due to its high c 
liver localization. Rapid .localization of'high mblebulif t . 

,;'-weight 'antibody complexes^ •Uver'has previously- been .V^ 
reported .by Goodwin and. co-workers (1988). V? ■ " v/vi"^- 

>; The results of a 5-day biodistribution st^dy';m'ti^6r^ 
bearing nude mice with l^^'^Rh-labeled F(ab^rx arfe sho^^ 
ir Figure 10.' For purposesof comparison, ahimd data for 
radiolabeled' IgG and-ECab'ij atelSlfib ^lo^^;^^^ 
these data were obtain separate ex|^ment^ (un- 
published.vresullfey: r.^^B 

•carves for F(ab')3-x were inore^sinoiilar to^th^we^^f:E^ 
than IgG, while kidney clearanc^'more-blik^ly i^mibl^^ 
'that of- IgG, consisteht with the Balbyc.resdt^iJ^unior'*^ 
accumulation of F(ab')rt-x appeared to be grea^ 
of F(ab')2, although only the final time pibint \^|ajgldif^ 
'icantly different. Enhanced turnor uptake likdy <x>rrelates7h ^ 
with the longer blood residence time pbseryed for FCabOi-it^.: 
( W. Goe(rkeler/unpublished observatlons):JLThe U^^ 
spleen* data were intermediate between those (>f l^;janid '%^ 
F(ab')i.':'Tiunor to tissue ratios for radiokbeled FCat^a^kr f 
■ F(ab')iihd IgG -ar^ compared in Table in:; ^At^^^^^^^^ 
radiolabeled F(ab' j:rx g<^ye radiblocation inder|Rly * 
- in between' thifee of F^^ ) 
rkidney , withtKe kidney Rl Value more^osMelyresembling 
that of Fiab;)ft^^H6W^ ' 
achievied fdr;F(ab'):fx*at'12^ h was higher than for t^^ 
other two antibodyTorms.^" -y. * -^r 

The* kidney' re«;^ F(ab'):t-x fie perhaps not sur- 
prising when m6te<iular weight is considered. *A species as 
' large a^ 150 kOa would not be 'expected to pe^ through' ' 
the kidney glomerulus. The fact that F(ab')2 (100 kDa) 
enters the kidney supports the concept that oUier prop- 
erties such as shape may influence the filtration process 
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Figure 9. Corhpanspn of bloiKi-clea ranee curves f<»r Rhrlabeled 
CG49:F(ab:) i-x andfcab'lh-x Balb- c mice. Panel A sho\v*s Fiah i. 
lorfiSicJ^.Frabilrx^^^^ 

'Blood sainp^^^ bbtaineii at various limes after iv "; 

^ inj€*tidn oif radiola^^antibody ( oiTne :T^hiniffW|ie ' 

<Table:I., .Comimrisbn-ofrBiodtbiributioQ Data for ^-^^ 
»»?R|^JSS«;1i^ F(ab') j-x in Balb/c Mice* , 



vri'^^ihjecied dose g 



inj^ted dose, organ 



.tissue 



' . Ft ab'V:/' ' F( ab' i.r x * Ftab' i : Ft ab* i - x 
a>-g ±"Sb,V>/avg ± SD * ' . avg x'SD'- ' ravg ± SI) - 



4i93i''0:i9pl6-(fe± 1-91 
or36i;a42-x.-ilO.:r± 1.01 
6:U9 ^:i.97, 12.14 ± 1.57 
• " nd- • ^ 
Jid * . 
'nd . / 



4.1^ ±1.10 i;U7i 1.2ti 
9.;WV± ai7 15.22 ± t).n«i ' 

o.6oio.oavn.04±o.i7 • 

15:47 ± 0.7" v2.9:V±0.2:t 
a.84±b.38 5.57i±(i.fi7 
2l.8i:dt 1.01;. aifi'ii 2.44 
Tk^.ih ± l.y8/ rt.4;a2 ± :i.8H 



Mood 
liver 
spleen 
kidney 

Gllractjv ' ;"hdJ'i 

•^ reteniuui' ^ ' ' , 7* ' r ""' ^ ' 

T Rtidiolabeled antibiKiy wa*^ administered intrnvt-.Hmsly. .jind 
animals^ were/ ^c^ificw^^ 24 h. ' n = 5. • n =,5., except (or bbH»d 
* value where n =t4 *' nd = lio data obtained. * SD ='stahdarfdeviat iiinr 

(Siunpio, 1981). A recent investigation (TakakurQ.et al.. , 
1990)^, of the biodistribution of large and small; niacro- 
.moleoil^ showed that while small species (<10 kDa) 
generally clear rapidly into the urine, positively charged 
species are taken up by the liver, and hrge and negatively 
charged species exhibit prolonged retention in the circu- 
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Table IIw Comparisoii of BlodiBtributSoB Di^ for 
"XRh-Ubeled F{mWh and F(ab')rx in Baib/c Mice* 



injected dose/g 



% ii^^eted dose/ctgan 



tissue 



FCabls 
avgiSD^ 



P(ab04i 
avg ± StK^ 



FCabOt 
avg^SD^ 



F(abOri 
avgiSD^ 



blood 

liver 

spleen 

kidney 

GItrsct 



4.30^1.23 6.12^1.98 4.86^0.92 7X18^2.11 
6.68 i: 0.87 29.58 ± 2.23 7.10 ±0.46 3a09±1.81 
6.08 ±0.83 16.62 ± 1.46 a40± 0.04 1.16 ±a08 
65.37 ± 7 78 9.88 ± 1.02 15.49 ±0.24 2.40 ± 0.26 
nd nd a48±0^ 2.81±0^ 

nd nd 19.50 ±036 17.92±L50 

wbole-body nd nd 48.11 ±1.97 57.23 ±3.33 

retention 

Radiolabeled antibody was administered intravenously, and 
animals were sacrificed at24h.^n = 5. <^n = 4. *'nd»no data 
obtained. 'SD ~ standard deviation. 

Table III. CompariBon of Tumor to Tisaae Ratios for 
■*»Rh-Labeled CX:49 Fiat>'>rx. Flab*);, and IgG in Athymic 
Nude Mice Bearing LS-I74T Tumor )^nografts' 





organ 


5h 


24 h 


r 48h 








=<^Rh-F(ab).vi 






blood 


0.6 


3.8 


24.3 




liver 


1.0 


3.3 


e " 
u. t 




spleen 


2.0 


4.8 


U.l 




kidney 






6.5 








*^^Kh-r<i^b')2 






/ • blood 


\. 0-9: 




31.0 • 




liver 


: 1.9, 


i :4.2 


5.3 / 




spleen ; 


*; 2.9;: 


c.r^'^^'' 5.9: 


• 8:6 




..kidhVv 


• ; 0.4 ' -^' ^ 0.6 \ 
















' ; iblood * 


'0.4 
.0.8 


3.7 " 


\ 4.8 \ 


i 


■ liver ' . j 




^ 9.0 




■ crtlobn 

■ *-rt----r- 


1.4, 




•v 13.0'-^- 




. ^ . kidntfy 


- -1-' 


' I8i^ 


*• 26.7 ^ 



65.3 
6.4 
13.3 
7.1 

30.0 
4.0 
7.5 
1.5' 

.15:2 
42.2 

i' 

.' ° Radiolocahzation Indices (HI) were calculated ^as the^ratto of 
' 10 g for tumor divided-by*^'/ ID- g for normal tissues. ('\ 

"^"latiori.' Similar overklf ;^results were also/ reported for 
/Vsy'nlhetic branched polypeptides which differed in size, 
^^cKarge/andM 1990). The 

' bu)distributionresul6forF(ab'):^^ 
*.with.the%;.G^ since: the.p/ ranges of 

. both tl^triboayT£a^^4^ xmchaiig^tfTxsmr 
that,df the^^^ 
linii^'ely thia^^ 

jofien^eA^^ . :-ii 

tAii cphfpam 
.previously; we foiihd^itiiat ina CC49 J*(ab')9 and 
. bismaleimidMrbssrhiiikiMl F(ab')r X showed virtually iden- 
. tical behaviors in tunioi/bearing p. th>'niicmice.^^ 
contrasts with the olfeeryationSvOf Quadri- et al, (1992), . 
who observed significantly: longer plasma circulation times 
. -and enhanced-tuinoriiSptake for three different bismal^ 
^* imide<rbss- linked fragments comi>ared with imtive F(ab')2-* 
* ' One pbssifele ex^i^atioii for, this discreparicy/is that the 
'circulation time m^^ by the niimber of l^inge- 

* TegitmdisiJfiae bonds in the particular F(ab')2ijfnderstud^^ 
OveraJK.;the.:in. vivp behavior of F(ab');rx ;re>^j5tJs,a 
combination of relatively fast blood clearance, jow kidney^^^ 
' accumulation, and low to moderate tumor uptake when 
compared; with intact IgG, F(ab')2, and Fab, (date not 
shown).' These results suggest possible uses for F;(ab'),r3f 
in irnmunptargeting*applicatipns where the. lorig blorod- . 
residence. time of IgG, and the high level of kidney- 
accumulation of F<ab')j or Fab, are preferably avoided. 
Additionally, antibody species lacking the Fc region might 



be expected to show decreased immunogenicity compart 
with.the whole^antibody. . - = 

SUMMARY AND CONCLUSION / % ^ 

. Two new antibody fragment forms, FvabOr^ F{dh%- 
i±\ were constructied from Fab' subimits usin^ multifiinc . 

v-tionai cross-Un^^ng reagents. These two species cfiuijbe i 
considered an exteasion oif the fragment series beginning • 
, with Fal^:and.bismaleimide;cross-linked E(ab02. Suffi- .: 
<cient quantities of the radiolabeled tai^et f^a€^en^ were 

.rprepared for preliminary studies in Balb/c mic^/and^in ' 
Mie caseyf F(abf)3-.x, for a 5-da(y study in tiimor-bearifn^ 
nude mice;. A lai^e fraction of the radiolabeled tetrabody : 
» w«s foiMjd to acd^ in the liver, pbssibiy indicating^' 

. .an upper size limit for the in "vivo use of fragnierits? 
Constructed from Fab'. The in vivo behavior of F(afV^ 
in; both J5«dl>/c Md tumor-bearing nude mree was inter ' 
mediate tet^een ;t^^ of IgG andi I^(ab;]j2 fo^^ v 

;]studied.^kidney jbcali^ was significantly^; 
and blood circulation time aiid tumor, acounU^^^ 

. slighUy ihcrei^ for the trival^nt speci^^z^ 
F(ab')2. These results are consistent wiih previou^^^ 
seryations that iminunoglobi^in. forms^^ Fc*i ; 

TC^on dMj^ relatively rapidly from the circulationV^d : . 
ti\at large macromolecules cannot penetrate, the kidney-::'^ 

: glpmerului^^ of these results, F(ab'):^x.a"ppear3 >. 

: to be anante^ting new antibody form with potentially y 
4seful properti^Tor immunotargeting applicatioi^u J'he'^ ' 

, methodology developed for the preparatiomaifiilcrosk/. 
hnking of Fab^ subimits sh 

genetic^.de3ignj^ antibody forms beajfin^i free cysteine ^ 
moiety, this a>ncept was' recently J -monstrated by 
CumberMltccP^^^ , 
termind^feine 5p^^ used a bisnialeimide 

cross-linker to fpnc the bivalent Fv, Molecules p<^sessing 
severd antigen binding moieties would be M 
enhanced aht^^ binding relative to the monovalent and, 
divalent fornii ItiMyalsobepcwsibletocdWnjct^^^ 
multivalent tuolecules pcwsessing two or more different 
antigen-binding specificities. 
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that use cooperative signaling \da theTCR/CD3 cdmplei'^ V 
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J. IrnmunoL N?, 60-69. While ho in vivo biodistrihutioa ^ " 
. , daU was reported in: this paper; and different cross-IinKrig- Vr^^^ 
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THE EFFECTS OF CLEAVAGE OF THE INTER-CHAIN DISULPHIDE BONDS OF RABBIT IgG 
ON ITS ABILITY TO BIINID Clq : v 

JULIESUTTON, JOHN R.ALDEN.ajuJ SIMON B EASTER^^^ : - ' V . 

Depanment of Biochemistry; Vnit^ersity' of ^Sythey^ • " / ; .-'.-.^^ 

(Recdved December 6th, 1983) ' • ' ; * zi ^ - . ' 



Key words: Clq, I gQ: Complenwrtt hirtding; Inter -chain disulfide bond deavage: (Rahhit) *- - - • — 

Immune complexes prepared from rabbit anti-ovalbumin IgG in which the interchain disulphide bonds had 
been reduced'ahd then bIocked;with yV-(iodoacetylaminoethyl)-8-naphthylamine-1-sulphonicacid retained^the * v 
abjytity to bind ^^I-tabetledClq. this ability was l(»t when a small alkyiating,a^ehf (io&mcetamnte);was^u$ed 
tprblpdc 4te deavcd disulplude.irands..^ of the IgG to form-insoluble immune complexes wasv 

partiaily compronused when iodoacetamide , was used to block the disulphidc^bbnds; but was unimpaired whenic 
yV-H(iodoacetylanBnoethyl)-S-naphthylamine-l-su]phonic acid was used. Theserdata are consistent mth^tiie^r: 
su^^tion that access to the^Clq binding site in IgG in immune complexcs>.is modulated by movern^nl bf tfie^l-^ 
Fab arms; which may bl^ ' ; v'^' Vv. * ' . - ■ 'it t-^/^-C 



Introduction. * . ..l iv - 

' Immunoglobulins trigger the class1cai*'Comple- 
merit pathSyay by 'acti vation^'pf • domp lemen t com- 
ponent CI; CI is a macromblecularv complex with 
three subcomponents: Clq, CI r, and Cls - Clq is 
responsible^for- binding to theMmmunoglobulin ( 1 1. 
The effects'of cleavajge of the interchain -SS- bonds 
of iituhuiidglobiilihs'orf CI ^ bmijing have ^received 
considerable attention! The bindjng* pf C ag- 
gregated' IgG is markedly - reduced when; these 
bonds are cleaved [2]:- Cohversiely^ .Gl binding to 
the Fc fragment of IgG (3]- and^Clq- binding to 
mpriomeric IgG. [4] are both unaffected by clea- 
vage of die imnnunoglobutin d^ 
: tlierc are several explaimtipris f^^^ 



* To wtunn correspondence should be addressed.. 
Abbreviations: lAEDANS, ^-(iodoacctylaminoethyl)h8-naph- 
thyUnune-l.sulphbnic add; Fc, C-tcrminal half of the heavy 
chain portion of IgG; Fab, Itght^chain and N-terminal half of 
the heavy chain of IgG; €^2 domain, second hoinology unit of 
the constant region of the immunoglobulin heavy chain. 



servaiions. including: :(a)l sieric hindrance of-jihe ^ 
CI binding sile.(in the C,!^ domains. of the im- 
munoglobulin molecule [5)) by the Fab:amis'as:a - 
consequence of increased segmental ■flexibility con:^ 
ferred on the immunoglobulin molecule,*b\vcIea- 
vage of the interchain disulphide bonds 13]: <{b) 
alterations in the quaternary struct u re pf* the/ 6, 
domains in aggregated IgG/ modulated by the Fab 
arnis and cleavages oNhe hinge dis 
between the immunoglobulinjheav'^ chains (6j;^ and .■ 
(c) disruption of the; 61 binding site. by ;ihealkylai-v 
ing agent used ^ tor block ther reduced 'disulphide'' 
bond between the'heavy chains/t ^ '. : : - ' ffy ^{^"^^ "''l 

In an attempt' to> discrirhinate betw^ii these 
possibilities we have exarnined /the effects.ipf / the'- *, 
size of the alkylating agent used :tp.;Blpck^the,;': 
reduced interchain disulphide bonds on the ability 
of rabbit anti-ovalbumin IgG to form'-fnsoluble 
immune complexe^ ' and loyblnd tlq.; The' resulis/J' 
presented below appear "to nife out hy^poilte^!< (c), , 
above, and may:; favpuri, tbe^steric hindrance^ hy- 
pothesis of Isenman et al. (2). 



. 0167-4838/84/$03.00 O 1984 Elsevier Scterrfx Publishers B.V. 
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Materials and Methods 

Proteins. Human Clq was prepared and labelled 
with (using lactoperoxidase) as in Ref. 7. 
Anti-ovalbumin rabbit IgG and immune com- 
plexes were* prepared by the methods of Ref. 8. 

Chemicals. Dithiothrdtol, iodoacetamide and 
lAEDANS were obtained from Sigma, St. Louis, 
V.SJi, 

Clq binding assay. The binding of '"Mabelled 
Clq to immune complexes (prepared at the equiv- 
alence antibody : antigen ratio) was measured by 
the method of Ref. 9 with the following modifica- 
tions: the buffer was 0.01 M phosphate/0.15 M 
NaCI/0.5% (w/v) bovine serum albumin; the re- 
action volume was 0.3 ml, and the incubation time 
was 40 min. ^ 

Reduction and alkyiation of IgG. IgG (0.05^-^04 
mM) in 0.1 M f ns-HCl/l mM E^^ 
was reduced, with S mM dUj^ubthrei^t^^ ^^^11^ 
room temperature, followed, by. alkyiation with 
either iodoacetamide or lAEDANS (2.5-fold molar 
excess over- dithibthreitol)^ for 1 h in the dark. 
Dithiothrdtol was omitted from control prepara- 
tions. When lAEDANS was used, excess reagent 
was removed by adsorption to activated charcoal 
(10 mg/mg lAEDANS), which was then removed 
by centrifugiiig (3000 X g; 10 niinX'The protein 
samples were then dialysed' against 0.01 M phos- 
phate/0.15 M'NaCI (pH'72) at 4<>C Polyacryl- 
amide'gel electrophoresis in'the presence of sodium 
dodecyl sulphate [lOJ revealed th^t there was com- 
plete cleavage of the interchain disulphide bonds 
of ' IgG. treated with dithiothreito^regardless of , 
whether iodoacetamide or lAEDANS was iised as 
alkylating agent;- The extent W^ la^^^^^ 
protein with lAEDANS was determined using 
14.0 for IgG, and^€'34^='6.3 mM-' - 



= 1.2 inM-' - cm-' for the label [11]. 



il%',lcni 
*28(him 

'Cin"',€28o 

Precipitin reaction. The ability of the IgG to . 
form insoluble immune com{)lexte' v^th ovalbumin 
was determined as in Ref. 8. - *^ ' 

Results • ''"r ■ ' ^ '^^'-r-^' 

' Rabbit IgG contains' three ihterd^dn disulphide 
bonds; two linking the heavy and light chains, and ' 
a single intertieavy chain disulphide bond [12]. The ' 
C||| domains of rabbit IgG are unusual: in that 



they contain a disulphide bond linking residues 
133/4 and 221 [13] which is not found in the Chi 
domains of other immunoglobulins. The results 
shown in Fig. 1 indicate that lAEDANS modifica- 
tion of dithiothreltol treated IgG is selective for 
the three interchain disulphide bonds; only six 
extra groups are modified in IgG 'with all the 
interchain disulphide bonds reduced; compared to* 
IgG with intact disulphide bonds. 

The results shown in Fig^ 2 show the 'ef f^ts of 
cle-svage of the interchain disulphide' bonds of IgG 
on lis abiUty to form insoluble Complexes with 
antigen. When the bulky- - alkylating ^gent7 
lAEDANS, was used, cleavage of* the bonds had 
little effect on either the percentage of the im- 
munoglobulin precipitated as insoluble immune 
complexes or on the shape of the precipitin curve 
(Fig;^.2B). However, when" the small alkylating- 
agent, iodoacetamide 'was* 'employed, cleavage ?of 
the disulphide bonds altered 'both ^ the percisHtage' 
of, the inrniunoglobulin fpfecipitated 'as' insoluble * 
. immune complexes, and the shap^'of the precipi^iri! 
curve (Fig. 2A). 7 • * . ' • ^ '7* * . . - ^ . . *. : 

When the dependence*^ of CI q*^ binding - on im- * 
mune complex Concentration* was examined,- the ' 
results shown in Fig. 3 were obtained. Immune 




. . IAEOANSv.(iin»les) V - ^ 

Rg. .1. The dqiendcnce of extern of modificaiion of IgG on 
lAEDANS concenuttiok IgO was treated wiih* the indicated 
lAEDANS oonoentrations after . reductitm with 5 mM di- 
thioihieitol m a final.^yoli^.of;(W^^^ as.inV^ 
Materials and Mcthidi^ K ffOT lhe J 

control (0--^6).thc'd^^ mbdificiWbctw^ 
the experimental and control sanqiks.was calculated for ewb ' 
lAEDANS coDceotrationt*-^ •). - ' 
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• -.x-m I.' 006 0-10.; , .002. v*^i(KI6:, ,;.0;1P> 
OvdbLimin/Imipurajg^ 

.Fig. 2. Precipilin curves, for. ipdoacciamidc and lAEDANS- 
treated IgG. The percentage of Jnput aniiroyalbumin IgG able 
to form insoluble immune complexes was determined as Ref. 8. 

lodoacctamide-treated IgG with (• •) and without 

(O O) cleaved disulphide bonds. lAEDANS-ireaied 

IgG with (■ |i)'and.withoui:(p-rrT-r70)'^ cleaved di- 
sulphide bonds. The Ie\'cls of lAEDANS labelling were 8.2 and 
2;Uresidues/lgG. respectively. ".v?^; , j_ . . " .V^,^ ' .^^ 

complexes . prepared from: IgG which the re- 
duced i nterchai n disulphiSe* bonds/. . had ' Been 
blocked with jodoacetamide had .asinarkedly re- 
duced ability to, bind,. 

immune complexes prepared ffoni IgG in which 
the reduced disulphide bonds had ^b^^^ 
lAEDANS had a slightly greater ability to bind 
Clq than control immune complexes prepared 




.J, 20 W' 60 80' rXO ^;20' 40 60 80 MOO 
Ilmmute Complex) (ug/ml) ■ 

Fig. 3. The effect of varying immune complex concentration oh 
Clq binding. The bindihg'bH^lUirtiened'Clq (0.5>g/ml 
1.5, -.10* q)m//ig) to inamune^cqinplefes prepared from the IgG 
used in the experimeqt of JFig. 2 at' th; indicated concentrations 
. was < tner .^^ed .as . in Materials . alncl ';Meth'ods. ( A> I mmiinc 
-cctmplexes. prfparidio^roml ..iodo^^^ treated j^wiih 

— •) jand Mihwt cleaved., disulphide 

! bonds. (B) Immune v^complaes.:^ lAEDANS- 
treated lgG» with (■ — —^-B) (md"wilhoui*(S-^^^^P)^lra^ 
disulphide;bpnd^ „ . > * • 




20 : . 30 40 

Tune (min) . . - 

Fig. 4. Time-couree for Clq binding to immurie,compbxes."|Thc * 
binding of **'l-labclled Clq (0.16 pg/ml. 1.5-10^ cpm/>g lo 
immune complexes (60 fig/ ml) prepared from the IgG u.-ied in 
the experiment of Fig. 2 was measured at the indicated times as 
in Materials and Methods. The immune complexes were pre- 
pared from iodoacciamide-treated IgG' w*iih (•-^--^^^-^•l and" 

without <0 ^Q) cleaved disulphide bond>. and from 

'lAEDANS-treated'Y IgGT:*uith; •(■ ; ■) • and,,. uiihciut 
(□ □) clea%-ed disulphide bonds. • ,.: 




:tG1q Free (iig/fnl) 



15 v;/;: 



he effect of varying C"lq concenirailim'.on Clq ^^ind- 
*-*l-labelled*Clq bound to immune compfexes t4i| 

-* fvwkm th.> In/^ itcAi-l in llti* MWiwkrtmtint itf Flit ^ 



Fig. 5. The < 
ing. The 

pg/ml) prepared from the IgG used in the'expcrimenTof Fig. 
was measured as in Materials and Methods .usins an^inpiii 
*-M-labelled Clq concentration range of 2-r;20' /ig./ml. ;(A) 
Immune complexes prepared., Trom. jodqacetam.ide— 

(O O) or^IAEDANS- (P-4r^Q) treated -.I^^ 

intact disulphide bonds. (B) Immune complexes jireg^red, from, 

iodoacetamide- (m l J^. •) oU^EJ^^^i"-^^ 

IgG with cleaved disulphide, .linds.^Jh^ 

obtained by noiv4inear Tegrcs«qh\jaiMlys^^^^ uatji..^ 

assuming that Clq» binding, to;. theiiinmune compjexjcs wki a. 

non<oopeTativc(Micha.elis;Mentcn) process 
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from IgG with intact interchain disulphide bonds 
(Fig. 3B). These differences did not arise from 
failure of the Clq : immune complex binding pro- 
cess to come to equilibrium, as the results shown 
in Fig. 4 shows that the 40 min incubation used -in 
the experiments of Fig. 3 was sufficient to allow 

' the binding process to reach equilibrium. 

When the dependence of Clq binding on Clq 
concentration was determined, , the results shoWn 
in Fig. 5 were obtained. In the case of immune 
complexes prepared from IgG with intact dis-^* 
ulphide bonds (Fig. 5A), treatment with IAEDA|^S. 
compared to treatment with iodoacetamide had no 
significant effect on the amounts of Clq bound to 
the immune complexes at saturating levels of free 

» Clq (0.123 ± 0.007 fig/fig immune complex, 0.121, 
± 0.004 /ig//ig immune complex respeciivdy, P > ' 
0.5, 10 d.f. * |14]), nor was there a significant 

;effect on the functional dissociation cbnstants^for' , 
the binding process (3.1 ± 0.6 ,/ig/ml, 2.3 ± iP.l 
tig/ml P > 0.2, 10 d.f.). These dissociation con- . 
stants fall in the range of .1.5-7.8 ^g/m\ repbrted - 
-by the other investigators [8,9]. . ' ' *^ 

In the case of immune complexes prepared from a • 
lAEDANS-treated IgG. there was no significant 
difference between the functional dissociation con; 
stants for Clq binding to IgG with intact ' or. " 
cleaved disulphide bonds (2.3 ± 0.3 ^ig/mU 3.5 ± *' 
1.0 /ig/ml, P > 0.2, 11 d.f.). However, the immune 
complexes prepared from- IgG with cleaved ^di- ' 
sulphide bonds bound more Clq at saturating ' 
levels of free Clq' thah immune completes with 
intact disulphide bonds (0.163 ± 002 ng/ngJm-: 
mune complex, 0.1 21 '±,0.007 ..i^g//lg ' immune, 
complex, respectively, P < 0.05! 1 1 d.f.) --r- 

. This observation raises'lthe ppssibi lily l ha t , t he * 
differences in Clq binding to immune complexes . 
prepared from IgG with cleaved disiilphide bonds . 
(Figs. 3, 5B) could be; artefactual, in that ^^^^ 
naphthalene sulphohate groups- of lAEDANS^, 
could provide new binding sites for Clq.: The-.: 

■ presence of ^such nonspecific binding. sites could : 

' mask the loss of the normal binding site foliowihg- 
cleavage of the interchaan disulphide b^ * '''"i f 

♦ In order to test *thiV'^i^ibilijyJ:^i^ con?:.' " 
piexes were ^prepared from igG! (wath inUct yi^^^^ 
sulphide boc^) in which up to seven residues had - 



TABLE I 

IMMUNE COMPLEX CAPACITIES FOR Clq 

IgG was treated with either lAEDANS <' Experiniental*) or 
iodoacetamide (Tontror) at the indicated concentrations for 2 
h at 37**C as in Materials and Methods. .The number, of 
residues labelled with lAEDANS per molecule of IgG was 
determined from the absorbance of the protein at 343 and 2S0 
nm. The binding of *"l-labeilcd Clq (4- 10^ cpm//ig 2-20 
h rym\) to 40 ftg/m1 immune complexes (prepared from the 
protein samples at the equivalence antibody : antigen ratio);wa5 
then determined and the capacity of the imm^ine complexes for . 
Clq established by non-linear regression analysis {15} on the ' 
primary data. ^ 



Reagent 


Residues 


Capacity " ' " 


concentration 


labelled 


(M8/P8 immune complex) 


(mM; 




Experimental Control 


0 


0 


0.100 ± 0.009 ' 


10 


1.9 


0.156±0.015~ 0.131 ±0.013 


70 


5:6 


^O.l22±OXk)5 "0.1081 0.008 - 


28 V 


7.0 


0.12 ±0.01 ; :0.11 ±0.02 



been labelled with lAEDANS. The. capacities, of ,r 
these Jmmune .complexes for Clq.' are : given in , \ 
Table I. Immune- complexes prepared , from i 
lAfeDANS-ireated IgG had up to 20% gceafer j 
capacities for Clq than immune coiti'plexes. pr^e^ j 
pared from iodoacetamide-treated IgG. jt is knp\vn \ 
that Clq can bind nonspecifically to both; charged k 
and hydrophobic surfaces [liS- 18]. The- increased, 
capacities of the immune complexes prepared from 
lAEDANS-treated IgG may reflect -such non- 1 
specific binding, involving the , naphthalene 
sulphonate groups of; IAEDA>JS.;iHowever,. it is j- 
probably -unlikely-, ttet.this nonspecific . hi ndin 
could account for (the differences shown vin.:FigS; J. .> 

;B. rr^. ' .1. -'T-- ■ ' h 



and SB. 



Discussion 



d.f.. degrees of freedonL 



The data shown in < Fig. 1 indicate that 
lAEDANS is able to react only with the reduced 
interchain disulphide bonds of rabbit IgG. This : 
observation niay. be compared with the work of 
Press [2], who showed that treatment of reduced - 
rabbit IgG with iodoacetamide under these cphdi- , 
tions led to labelling of Uhe extra iritrah^vy cWtn-.-^ 
disulphide bondtin the G„v.domain of IgG (13j.as::t^ 
well as labelling of ihe interchain disulphide bonds.r ^ 
This discrepancy may arise from differences in 
alkylating agents employed. It is possible that the 
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large reagent, lAEDANS, used in this study, may 
not be able to gain access to the reduced in- 
trachain disulphide bond. 

The observation that immune complexes pre- 
pared from IgG in which the interchain disulphide 
bonds have been, blocked with iodoacetamide haye 
a markedly impaired^bility to bind Clq presents 
a ^significant deviation from the demonstration 
that IgG with cleaved disulphide bonds is able to 
bind Clq,' jn'the^a^^ i ^ 

: TTiis devialio may arise from the. fact that the 
modified, immunoglobulin was present as an .in- 
soluble immune complex in the present investi- 
gation. An electron microscopy study [6] has shown 
that cleavage of the interchain disulphide bonds of 
rabbit IgG has little effect on the shape of the 
niolecule, in the absence of antigen. However, 
structural changes were apparent when 't^e ^mod- 
ified IgG was c§)mplexed .with a bivalent fiaj3teh.; 
" These observations may have two consequences. 
Pirstly,* the. retention. of gross natiyeitwcture of 
modified IgG in the absence of antigen (6) suggests 
that; it would, riot be unreasonable^ to suppose |ha^ 
the .protein .would retain full Clq binding abUity. 
as was demonslrated'experimenially [4]. Secondly, 
the^changes in the structure of the modifjied IgGjn 
the, presence "of a bivalent hapten <.J61. may be | 
compared with ihe effects of blockiiig ihe cleaveJ 
disulphide bonds of IgG with iodoacetamide on its 
ability ab form insoluble immune. comijlexes (Fig. 

A possible explanation of these data is. that the 
increased flexibility conferred upon the IgG- by 
cleavage of the interchain disulphide bonds, which 
has been demonstrated in both structuralv(6)-and 
fluorescence depolarisaiion [19j studies, may lea^ • 
to. an alteration of the complex equilibria [20]; of , 
the antibody-antigen interaction in such a way as . 
to alter the proportion of insoluble immune com- 
plexes forrned^ at. some, antibody antigen ratios. 
The increased Rexibility conferred on the moleciile- 
may. allow the . Pab arms to interact with the 
antigenic protein in such a. way ^ tOf block. access , 
to, the Clq biiiding.site (cf. Fig. 3).^TO 
\ steric blockade,'. 121) Jias^ been jnvpkei to, accoUp l 
for, the failure of intact human IgC4 to b j^ 
and .for cctmprom functions Jn ;|gG . 

molecules lacking a iunge 

.In the case pf.jJ^.^in which j^he interchain 



disulphide bonds have been blocked with 
IAEDANS, the observation that this procedure 
has little effect on the ability of the modified 
protein to form insoluble immune complexes (Fig. 
2) is consistent with the hypothesis that incorpora- 
tidn of the bulky naphthalene sulphonate moiety 
of IAEDANS into the disulphide bonds may 
minimise the increased flexibility of the Fab arms.' 
Thus, the modified iprotein wpuld be able to form '^ 
insoluble immune ipomplexes' in 'a" manner sirililai* ■ 
to unmodified IgG; and-^the absence. of 'steric 
blockade* may^permtt access: to the Clq binding: 
sites of these complexes. . -.^ . ; 

However, the latter conclusion cannot be drawn 
unequivocally from the data presented above. It is 
possible that when, the interchain disulphide bonds 
of IgG are blockied with lAEDANS, the attached 
naphthalene sulphonate groups may provide a new, 
nonspecific Clq rbindijng site.- ..Although this possi-* v 
bilit>f cannot bef eliminated;. 'the obsen'aiion thai '^ 
labelling, of up ,:lO; seven^ residues in . IgG with f,^ 
lAEDANS leads^o^only .a*20^ increase in. tHen 
capacity of the IgG (as immune- complex) for .Clq' 
( Table . I ) s uggesis; tha t;, th e ud 'i f f erences. bet woo n ^ 
blocking the disulphide >-bonds with lAFDANS' 
and iodoacetamideicannoi arise sololv froin'gonor;^.-, 
ation of hew nonspecific binding sites -for Clq in 
the former case. • 

The presence . pfviihe . /'extra' inirachuin dis-- 
.ulphide bond.in'\he:C„, domains of rabbit IgGi- 
[13], provides. a second complication in the inter- . 
preialii3n of the data presented above. It has been ri 
suggested (221 that it is theuniiigrity of this-bond;:^ 
rather than the interchain disulphide bi>nd; which:; 
is essential foir.Clqtbinding to}rabbit IgG: A> this • 
; bond can be blocked* by iodoacetamide (22] and 
, appears, to be inaccessible to IAEDANS.( Fig. 1). it- 
is'possible that the retention: of Clq* binding abil- 
ity in lAEDANSrmodified lgG may arise because 
the extra disulphide jbond ^s.;not blocked.*. It is 
difficult to assess the significance of/this possibil- .. 
ity, as the effects of: reduction? and .-ajkylation of ^ 
rabbit. IgG depend xriticallly ;pn the condit ic r^f < if - 
the reduction (22J. However,: when the effects of ^ 
. reduction and alkylatton of JigG usiiigtthe^protoco)'; 
„used in this study were exaniined, it was= concluded ' 
that :it was the ihtegnty^^r the^jnterhea^^^ 
disulphide bond of rabbit IgG that was essentia* 
for CI binding (2]. ./ m. ^ -.u^A^^' '""v V 
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. ^ The kinetics of the polymerization of human mono- 
" clonal cryoimmuno^obulins at low temperature was 
•investigated in temperature jump experiments by mon- 
itoring tiiechanges in turbidity resulting from 
^ tering pfinddentli^t by the polymers. Al^ 
r' .r^c^ncentratira between 2 and 3 mg/ml,, depending; on 
' the ionic 'strength, the kinetics were characterized by 
a concentration-dependent lag phase and initial rate of 
self-assembly. Under equilibrium conditions which fa- 
vored polymerization, the only stable intermediate de- 
tected by analytical ultracentrifugation was the dimer. 
, Altiipu^ purified monomers were unable to self-asso- 
ciate ait 4- addition of trace amounta-of autologoud 
>-'\r.;« dimf^ pipinpted polymerization, l^e apparj^t rate of 
. f ''^^^^^l^iuition was shown to slow (ft ^'^.TrX^ 10"*' 
M~^*s~^)^fmd the process was govern 
ti^rium oDO^^ pf 4.6 x 10* m"\ The Mtial rkte of self- 
. ^-^I&s&e^ proportional to the producfof the moho- 

f 'Vmer. concentration and the concentration promoter 
*^'(isiardtoer).*^The ra;te of depolymerization\ was three 
V o:^eira o^^^ greater than the rate of pplymer- 

- ization and' was proportional to^ the concentration of 
f ^;;pol^erB ^present. These results' suggestj'that the po- 
' 'y!^^h^&izd^ monpdonal cryoimmunpgibbulihs is a 
' ; .nucleation}<kmtrolled process in which dinierization is 
^' ' the jrate-li^ting step. Kinetic studies on-the polymeri- 
.. . zatiPn p^ and F(al/)s fragments, from^^ryoimmu- 
' , ' '.nbgjbbulins and a comparison of crybgellultriEbBtruc^^ 
' by.eleb^n microscopy suggested tiiat'tiie -interaction 
' v^'^mte 'fieiween monomers is located in ;^e .Fab regjon. ^ 
V ' k. ' 'Since tHe polymerization of monbmezs was. 'only in- 
duced by autologous dimera'cmdhoVc^ 
^ CTyo^^umunpg^ itwas conchi&ed tij&tf t^ 

1^ /jj^xaifiabi^^ specific role in the c^nii^[isation; 

. v''/^^x:reactipK that one cry oimmuno^btilin lias a 

;' d^Qiied^^ activity agfdnst stroiitolysSn^O 

^ .;^ -argu^,against a low temperature-induced auto-anti- 
. i <^ /c%^idibt^»e mechanisni. Reduction of the interchain disul- 
; fide'fapnds.of the Fab fragments abolidi^ their ability 
'.^V 'to pPlym^n^ probably by inducing,ay<»nfbnnatipxi^ 
diange aVconsiderable distance away in the variable 
K " ' domains of the molecules: ^ v . - , 
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globulins tiiat reversibly predpitate'or form gels updn cooling. ^ ~ 
Previous immunochemical analyses of purified huinaa ciy- 
oglobdiins have shown diat they may be formed either of " 
polymers of .morirtiglnnfll; imfnnnW giobuling' (monoclonal ciy-^ ' 
oglobulihs) or of immune* coniplexes (mixed cryc^obulins) (4^ -^ ' ' 
12, '19)?pprTelati6ni^have be^^n established between the im-^ y 
munochemical type of fc^og^bbulibs 'and the^ ciuui^ i^mp-' 
toms as weU as'the nhderlying disease (4). ' 

Monoclonal ctyo{;ktbulins are associated with lynq)hopro- 
liferative diseases and are responsible for severe cutaneous 
and vascular lesiona Previous studies have shown that cry- 
opred^tatlbii of the monoclonal proteins is dependent lipon . 
imUal^protein concenta pH, wd 4ielectri 

: constahtcSf^^^ Nevea^hdeas thel^^ ■ v 

events, underlying', crypprecipitation .remain, poorly vumleirr^ ? , 
.stoo(L^^T§?nperato conformational changes ;have r - 

b^n ^prpppsed/a^^ step in pol>maerizaii^p^at low . . 

temperaUne^ foitsp^^^monod cryoglobulins -(l^. 26' 3ij, r s 
but suchftempera|&Lire;^depende^^ transitions could not be de- >H'> ^ 
tected^ for^cme^ol^OT K21 ; 32) : Recently, it , has been postur^ ' ^ 
*'lated that d^oprecipftation^Tesults from "a cooperattve lnt^^^- 
. * molecular.^^a^G^^ra rqccurring via- ainudeation event (32); . \ 
TemperaturcHlepen^^^ inoIeScular ^mechanisms of 4his • ^ype^ - ^ 
have b»Bn"descnbed;previou^ the self-assembly of tu£^ ^ 
bulm {I3),^'a«:tin 115); flagdlin (2), and for the ooiideifte& r ^ " 
gektion ^of Meo^hemoglobih S* ( 1) . The concerted '|^^i^ari4 
zationf of 't]&^* protein^ consists of a late-limitiniB; njjd&tion ' 
step foUowed /by ' a growui process:^ Iii raich : ^ysSeiD^ the '\ , 
= additidhrof a smail amount oMiidi polymers pftimot^. or # 
accelerates' the poIymeiMHuiifctif ^ Oie^ monogcTOjinm ... 

^ Tlie. atea[\re^^^^ ^monomer-monomer mt^i> * ' \ 

*^tipn!afj<^!^^ 

' - regioiiSiof me^ .andl/pr light '{V l) chaiim. Isc^te^ ^} 

Fc regipns^f igG or IgM cryo^obulinsdid not ciyopret^itate^ i^^i^ 
'•\{22t.dp)/^^^ peptic:F(ab')2 fragments of Igp j^od IgA^ . ; 

. ciyoglp^idin^ ^i^tai^ t^. property (28, 30). A papain .Fab • 
firagm'ent£|^mon^^^^ (^oglpbulin«chibiteda to^ v. 
diependent^syf^L^odation (29). Furthermore^ vit -has^ been 1 
(' ahpwnj^that^thV domain of two X Bence-Jqnes oy- 

oj^obuiins were responsible for the thermal belmvior of the . 
. parent light'chain dimer^ Mokiification of.the^tertiarjr structure * : 
^^^BCMnab^^w^ briclge at'tluBrCOOH 1^^'* 

tennmus;pf Uie could mbclulate the'dToprc^iiability 
' assodat^ with variable ^om^ins^,(17)r " ' > iVi vf r; J..- 
In die study reported here,,we have analyzed tbe trai^pera- ^ 
ture^induced self-assembly <^ an >IgGl monodonal .aryoglob^ .^ : ^ 
ulin, with anti-stf^tplysin P|antibbdy activity^ as^weQ^ ^^'T;?'* 
depolymerization in -order to detennme whether ttiV?aiii2tic'' ' ' 
patiiway is coi istent with a nudeated pHolymeiizatipn mech- 
anism* Furthermore, we have atten^)ted*t6 localixe^ regipn 
" of the inolecule involved in the intermoleciilar intentctibns - ^ • 
between self-associated monomers. 
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mazbbials and methods 
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Isolation and Purification of Cryoglobulins and Normal /mrn^- 
Rofftoteiins— Monodonal human oyo^obuliiis (IgGU Cac, IgGat 
ffie. and IgG3» I^v) were isolated frwn the sera of myeloma ^ 
by several succesfflve cydsa of predpitetion at 4 ° C and sohiMaation 
at 37 **C The ayopiedpitates were extensively washed after each 
cyde in 10 mM Tris-HO/aiS H NaCl. pH 7^ containing 0^ sodmm 
azide (Buffer TBS). Nonaryopredpitating monodonal IgG and poly- 
clonal normal human IgG were prepared by ammonium suMate pre- 
cipitation followed by ion exdjange chromatopaphy on DEAE^- 
hilose (DE^ Whatman) equilibrated in ^ mM NaCl, 10 mM Tris- 

HCl,pH7A ..^ \^ ^ 

Preparations of Immunoglobulin Subunits—rab and rc firagments 
were prepared by solid phase tryptic cleavage, according to ESlerson 
eroi. (7). K(ab')»ttiagmentS' were prepared by: peptic dig^on as 
described by Nisonoff ei 01(23). Monoclonal immuno^obulins at 10 
mg/ml were milder reduced at 37 *»C with 10 mM dithioerythritol 
.. (Sigma) m Buffer TBS, pH 8.6. . for 30 min ^uiwler. nitrogien/and 
alkylated with:24 mM.ibdoacetamide (Sigma) or with ["C]iodoa6eta- 
inide (Ameisham Coiip.^^ Heavy and light chaiM were-separated by * 
^-'gel ffltration-on'a-'column 'of Sephadex JG-lOO equiUbrated: i^^^ M : 
^^acetic acid ai^ were'renaturedby extenave dialysis^agaipst jlmM^Na:; 
acetate buffer. pH 5.4 (36). Hinge pepUdes were obtained by tryptic- ; 
peptic digestion of "C^^labeled H chains and analyzed by hi^ voltage 
electrophoresis according to Frangione et oL (9). 

Covalent and Noncovalent Reassembly of IgGlx Cac—The non- 
coyalent leassodation of reduced and alkylated H and L chains was 
adiieved by dial^zing^an equimolar mixture ofH'ahd L'diains in 1 
M awtic add against 4.niM acetate buffer, pH M,,,at room tempera- 
tme/^ilxe' reassembled";^ were, concentrated^ md,:di^yz^ 
agai^ Buffer TB3:atrwm The oiddafive^rMSsem^^ . 

of the molecule was^achieved in two ways. IgGlk Cac was reduc^ at 
7 mg/ml with 10 mii ^thioHBiytHritol at 37 "^C; ;reOT&lized*1)y 
dialysis against Btiiffer -TBS, pH S.S; at room.tcai^fefatTO.fAlterna- ^ 
* tivelyKH and -UcHains were separated frt)m-the.Teduced?bui not^ 
aik^ted molecule sis'' previously described, -recombined, and :thien 
lenatured and repxidiied by;progressive dialysis a^umstBidff^^ 
. i pH 8.6.-in the presence of i disulfide interchange^^8^^ ^ 
and reduced ^utathipne), as described by PeteisenjandJ^ 

(25);:"' ' ' "t^?;^: \ ' ' ■ ; ^^^:'i^v;\:-'rt5: *v. 

' F^r^^araticn of Cryoglobulin Polymer9~-CoWy^d\io^ 
^tibn of IgGljc Cac and IgG3ic Pav was achieved feyxobling a solution 
of resOlubilized prbteins at 25 mg/ml ttbm 40 "^C^ib 22 ?G. Alterna- 
tively, nonspecific aggregation of cryo^obulins and normal polyclonal 
, IgG was achieved by lieating protein sol t'-Mpns at 10 mg/mltgr 10 min 
at 63 **C. The polymer^ntaining sampVcd were thai tectionated on 
a S^haciyl S-300; superfine (Pharmacia Fiiie'lpiiemirals) column 

- €<tuilibrated in*Bi;^^ TBSW.room temperat&^.»b'nie column was 

- caHbrated^thstaEnijudsofkncwB^noiecularwe^ (IgM pentamesv 
>..IgM monomeri.F(abt)v^and albumin). ChemicaUy^cross-hij^ed pligo- 
V mere if IgGU Cac;W1^ 

o^og^obultnrmbnbmeT.t^^ lO'-nui dimethyl suberinddatej^ 
Chemicai Co.) for aofiofai at/nwm^ temperatiurki:T^^ 
. stopped by; the addi1aqn-6f ethanolamine. ^' - j" ' . V- *. r ' * ' * '. ' * 

Et^ctrophhTe^'^tj^'Inununological: tecHhufuesy-l^^ of 
the' irmnodonal vend vpblydiona^ proteins anS'.theit^frag^^ 
• assessed by electrophoresis, immunoelectroplwresis^^ and iminunodif- 
•': fusioxi,. using monospecific, and polyvalent- anti£»ra:.and ^byrs^^ 
dodec^ suliate-poiyacrylamide e^droph^^ 
0.1% sodium dodecyt^sulfate. When cryoglobulins jerco^ to ]>e' tested, 
. tmmuitoelecbophoresm immunodiEEuaum wleire carried out at 37 
' -'^C. The molecdlar wd^' of cross-linked oUgomefs was'^^^ 
■^Sy SbS-polyaoiilfbiiide gd'dectrophor^ in-4%' gela^-^V^ ^'^ 
' : lAnafytical UUfachitHfugatwri^^Sedsm coefGctents of na- 

< live ci3^obulins»fciy(^bufin^ oyoglc^^uhn fragments 

,a-wer^', measured .inta^Bec^^ analytiral iiltracentnfi^ 

' opCTt^ at'GOjOOO rpm 'with''a titanium rotor at 37 °C to prevent 
/' co^dprecipitatiqn'^OT^^^ in cnrder to inonitor ^e 

'f f^^^m^'^y'^^^^^ffr^'f^f high molecular weiglrt compbnenta. Sedi- 
-iinentation wb fblkmed osing^sj^ at protein'^'concentra- 

. . .tions above 2 m^^^and wi& the photoelectric scanning system at 
.;.<280 nm for ooiucentrations below 2 ing/inL Sedimentation coefficients 
i ' were, mlmlfltpd in the usual, way (5). 

■ . Turbidity Measuivmenj^Tbo kinetics of o^d-induced pblymeri- 
xation of monomeric orybglobuHns was followed monitoring 
dianges in the absoifaanoe at 33l am resulting firom the scattering of 
inddoit tight due to the formation of po^ymera Measurements were 
carried out on a Gary 118 spectrophotometer using fiill srale settings 



of 0.02 to 2 absorbance units. Hie temperature of the experimental 
cell (pathlength, 0.438 or W on) was maintained at 4 by using 
thennff4flt»^ cell holdera connected to a circulating water batii 
(Lauda K2/R), and the temperature was continuously monitored with 
a Yellow Springs Instiument Ca model 4^C teletfaermometer 
equipped with a small nylon-covered thermistor probe. During pre- 
liminary studies* a wavelength scan of several solutions of cryogbb- 
ulin at different concentrations, polymerized by incubation at 4 "C 
for 38 h, indicated that the abscurbance was proportional to \~* for 
IgGU Cac and A"*" fiir IgGS* Pav. In another series of experiments, 
l-ml aliquots of solutions of IgGU Cac at different concentraticns 
were polymerized in the cold, and absorbance at 330 nm was measured 
at 4 ''C. The polymers were centrifuged in the cold at 60,()00 x g, and 
the quantity of cryopredpitate was calculated from the ' residual 
absorbance in the supernatant as previously described Uiider theise 
conditions, it ws(s shown that il»omo is an ezpoiiential fimctiion^of the 
total protein concentration and is proportional to the quantity of hi^ . '\ 
polymers found at 4 *C for protein concentrations ranging "from. 2-20 :\ 

mg/mL?- r -:; * ' f ■ . \ '^r'^V 

' Kinetics of Polymerization and l}ejxifymeriz<Uionf-T^mp&^^ , 
• jump eiqfieriments were pferfoimed to deterinine the"rat^_ of polym-''*' ' 
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and immediately placed in a prechilled cuvette maihtaiiied at 4 °C. 
Thermal equilibration was reprodudbly reached in 10 ± 1 miiL In 
order to stu^y the polymerization of cryoglobulin monomers pro- 
moted by the addition of oligomers, iricreasing quaiitities of W , 
cooteining cdigomeis wereaddrrt at 37 *'Cia t h e n^Tt^iin J m rmhrtinTi ; 
so that the^final protein ccmcentration^would be held constimt at 3^ . 



jected with'a precbiUed s^imge iatp the expimmental cell' wl^^ ha^ . 
been preWSirined at a pre&tin^ ro^tiiV me^ * ' 

temperatums observed affior ad^ of l ml of the cpW^ayo^bulm 
' solution wbiild be idpiti<Ml tiiat of the ceU hoUi^in'. wWch' t^^^ 

* cell was pfaced.''Uang''Uii3 te^mitiue, the' tiine' required 'l^^ 
""HKermal e^uHibfation 4ta^l(Sh-lS'fii iri^^pectiv6*of the'flmi^ittiiltrbf 

' the tenQ>erature jiunpV llib ceU compartment ' was flushed; witii -air: >; , 
' throu^oiit- the ezperimtent in the presence of aiihj^dr^ 
, sul&te in mder to preyent^CTndensatiori. ' _ '* "'Vy^'*' ^ult^^'.^ ^ 

* Initial r^ies of pblyin«iiatidD 'ar^^ 
migdgraj^ially. ; '^^^ ^ " 




.were tracBferred into;c61d'.fttative contaiiung. 3%;-*^utaraldehydel, 
Fhtation wtf allfiie^i'' ib'^^SK^" ' 




were wa^ed;and dehydrate^; m:s6^ 
. oentrati6nfi(luid finally dnbeikl^ in^^p^^^ ; 
' SO.imiwere i^ andstained^o^^^ 

. by lead citrateV Sections^]«i^re ^n^^ 

about 6 rim-tidck'in a lu^^yaciuum evapdrator'^and'were^je^^ 
^a Philips EM 200 electron 'midrt^cope equipped witb^ah-anticdnl^^ 

matton device, . / , ' \. * . - — r^r^ .*' 



R£SULT8'' 



^- Irrimmi^^ 

oglobulin&— The Ig^ljrCjac.u^ pi^^i s^d^^^ 
.wdl docWeQted'antib6dy;^actiyi 
The V region subgroups'ofjit9'Y«ndx*chainft^^ 
by sequence; an^iysis ^oad Wore 'shown 'to' Be VhIH. and N JU:< 
respectivdy^ Tlie V xegum sofo^^^ the IgG2r Zie were' 

and vjf.vBurifi^ hi^e peptides,-,, 

obtained^by t^^tic*peptict digestion , of .the . H chains of the • 
IgGs were identical with tiieirnonnal counterparts, as judged ' 
. by mobility in hi^ voltage electrophoresis poformed at two 
pH vahies (6:6^d 3.5);'^'^ ^ . : * — ^ 

llie general physical-chemical parameters influencing the 
oryopredpitation of IgGlx ayo^obulins have been previoudy 
reported (16, 20). The optimal pH for cryopredpitation for 
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the three cryoglobulins was near 7.4, and the amount of 
precQ)itate decreased when the ionic strength increased above 
physiological conditions. The IgGlic and the IgGSac gave a 
ciyogel when cryopredpitation was induced by cooling an 
aggregate-free solution of these proteins at hi^ molar con- 
centrations (10~^ m). The IgG2K ciyo^obulin crystallized. 

Ultmstructural Studies— Electron microscopy of the cry- 
ogels obtained with the native IgGU Cac and its FCabOs and 
Fab fragments revealed a periodic tubular structure. 

Tlie native IgG gave well aligned bundles of microtubules 
Mnth a periodic structure and, in cross-sectioh, the annuli were 
formed of a ;9ouble ring with an ^ternal diameter of 30 nm 
and an jntenial diameter of 11 ni^^ These rods, following gel 
disruption, >were homogeneous in^. diameter but varied jn 
length. These tubular structures tend^ to form tangled bun- 
dles of long filaments. In contrast,* ^e proteolytic fragments; 
yielded disordered microtubules whit^vinvcross^^ were , 
fornied'of a:siiigle,an^ compa^,or, sub- 
units with' an external diameter, of 19/nm:^^ a similar,^ 
structure wi^.observed for the FaB.ciyogd^-tfie ring structures 
appeared <'.o be more fragile and to have an external diameter 
si^iificantly smaller than that observed with ^e native cry- 
oglobulin or its F(ab02 fragment (Fig. 1). 

Kinetics of'CoM-induced Pplymj^^ 
the coldjindhrced-poly ojFme IgGlircrs^globulin at 

'4 '^C , wasj^^di'ed:^^^ pb^^ologif^nron^ at difTerent 
protein TOqcentratior^ (Fig, 2A),^. As:£s(Ti!^d- under "Mate- ■ 
rials and Mei^oc^'' the absortiance^at :330^nm 
proportionidvtQ ;t^^ mass cohcen^t^n^iof polymers 
f ormed ^at 'idw tenmeratures« and cha^ges^ ih';U^t scatterinje; 




•■ .-■.■•1, '" '^..-J ^>!■'^ V^^'.-j:- iV- 




: 2 4 6 8 
time(hr) 



Pig. 2. Emetics of the cold-indaced potymerizatioii. A, 
changes in turbidity at 330 jun as a. function. crf^.tizne for various 
solutions of native IgG Cac at differaht coiicentiiaiiiaim 
^Protein concentiattons in mg/ml were: a^ BA; 6,.42; c,' <^ 2.2; e,/ 
IgGUr Cac feduf^'ahci reoxidized at 23 

temperature iwie ^rosuntai^ ^at 4 • ?C ate^ttie^initialr tem^^ S\ 
jump. B/iievetsiBflity^of ,ttie'c^ 8^-^issccmtibn:< A ^mple y 

of native IgG.Cac at 5.7 mg/mlln Bluffer /tElS wsB at 4 ' 

. "Cfdr 2 h (— 7-)^d subsequpntly depo^yrneroS^bf^^i^^ 
.to 37 °C (-r*)*Xfy<^es,of potymerizati Tk> 
peated twice. A , ^' • . - • - ^ s f T*? - ' < 

were used to monitorthe ciyoprecipitationphcaibinem 
bidimetric mef^urpjoieiits have b^ suocessfully used to mon- 
itor the temperaturerdependent polymerization rei^oms^of ' 
different proteins,' such as tubulhi (13) pypglobul^ ! 
33). Below a critii^ c^n^nbation'df 2;^Qag/m], 
no cryopredpitation.was observed wi^ IgGUpac. Above this 
critical concen^tion,' a moiiotonic incr^se in absbrbiance was ' 
observed afiei^ a' ^ort ~<roncentratioh^epeS^a^-;l^ phase 
following thi^mal .^quiHbratio^ (l6;. cry- 




t Fig. l:: Electron ndcro'graphs of longitadinal and cross-see- 
. tic* 8 of^ogels obtained with the tntect IgG Cac cryo^bolin^ 
(a. 6), ite'Fab (c, d), and F(aV)i (c, /) proteolytic fragments. 
SqUd 6ars r^resent a distance of 100 nm in a, c, and e. and of 50 nm 
W b, d, and f. Bundles of aligned IgG fibers and the coireqxmding 
double-ring structures are shown in a and 6, respectively. In d; the 
arrow m^i*^*^ the presence of structures compatible tTith loose Fab 
ftnnuliT 



i(^y after the laig p^ijriod ihc^^ 
* polymerization ph^itoine^ 
at 37 ''C during tii^succe^ve^cydes'^^^ ' 
•At long reactipn:;t[mes, tiie obs^^ 
results from 't^^ 

'■ since the final'A^^ value could not be preoseiy determined, ' 
the order of the reaction couldmot l^^^tibli^i^e^^^ 
more, for a fixed molar concentration of d^o^blmlin; the 
. initial rate varied.^ v^en. different preptoatipns. of ithe same 
^ayo^pbuhnvwerc^^a iMfentjad' ^experiirwmtar£ 

conditions.^ K^&eibides^^^ cmiicea^\ 
tration below wh^ pdi^merization^di^l^ a^^^;; 
exbtence of a 'lag;phase{ajrie^'j^^^ <^i^alow thcnnod^- 
namicaQy-onfovmable initiatimi proe^rfor sdf*nus^eatiiig 
. polymenzation.'';^^ * ^-^^^ / ; - .^v' - 
, ' , Analytical idtracentri^igatipn aina^sb of a sample of native 
j^yo^obulin at9 mg/nd warmed for an hour showed 

> the presence of itwoldistinct peaks.* The majm peak corre- 
" sponded to the li^ monomer (s^ - 6.7) and a second peak 
corre^iranf&ig to'theiires^i^ 1^ than-lQ% of a^spedes* 
corre^nded to the dimer (s^ ° 9) (Fig. 3A). Tids ofas^ 
vation sugge(t^<^ that dimer formation mii^t be the mxdeatton 
event ^^ch promoted the growth of large po|ymei& 
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Fig. 3. Analysis of different preparations of IgG Cac in 
Buffer TBS in the analytical ultecentriftige at 37 ""C using 
schlieren optics. A native cryoglobulin at 6S mg/ml; B, cryoglob- 
ulin monomers of 6.9 mg/ml (fraction /// in Rg. 4); C, monomer- 
dinwr imxttire «♦ ^- ? "fg/ni! (^acticn I! Is. Fig. 1). Photographs vrcrc 
taken 26,' 28, and 30 min after the rotor attained 60,000 ipna, respec- 
tively., The bar angles were 50** in A and B and 40° in C. 
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' .4!lG.^4.:iG,hromatpgraphy of native cryo^obuUnO). which had 
been'waiined at 46.:^Cfqr 1 h priorio application, on a coliim 
(2.lB7x.lii.cm) of :Sephacryl S-300 at room temperature (flow 
rate ■o'^30;nil/ ehition proffle'of IgGl Ca£.T--/.elution 

Vroffle^obti^ The ftUed areas correspond to the 

pooU^ of^ctmier J£r^ monomer (fraction 777)' used in 

'subs^uenfexpertmehts. ' - " -^v' /3 - 

^v^A^riucleatiori event was further supported;^by;l^he/^ 

itsrTfee poiyineiizatifHi of the native^I^l^'at '^and at 4-2Cfor 1 



fractions conre^nding to &e Gist peak (fraction I), the 
shoulder (fraction 11), and Uie descending portion of the 
monomer peak (fraction HJ) were concentrated and analyzed 
by analytical ultracentrifugation at 37 **C in Biiffer TBS. The 
high molecular weight fraction consisted of a heterogenous 
population of polymers as judged by UV scanning at 2 mg/ml 
(data not shown). The schlieren pattern of fraction 11 concen- 
trated to 5 mg/ml revealed the presence of symmetrical peaks 
with sedimentation rates of 67 S and 9 S (Fig. 30. The first 
component was identified as monomer (48%) and ^e second 
as dimer (52%) in slow equilibriimi with the monomer. The 
descending portion 9f the monomer peak isolated by gel 
filtration .Wha CuuveuLraled U> o'uig/im mill wmj siiuwn tu be 
totally devoid of oligomers (Fig. 3£f). Both ^e polym^ and 
dimer preparations were able to cryoprecipitate in the cold. 
In contrast, the monomer preparation was unable to precipi- 
tate at 4 '^C within the Itime course of the' polymerization 
experiments. When this preparation was concentrated to over 
20 mg/ml :(i.e. half the *^serum concentration of the native 
monoclonal cryoglobulin), a small amount of cryoprecipitate 
was observed after 1 week at 4 

Rate of Polymerization as a Ftmction of Initiator and 
Monomer Concentrations— Vlhen high molecular weight pol- 
yiners were added, at 37„**C to a final mass concentration of 
1% to a sbiution of monomer at a concentraticm as low as 2 
^ . mg/mt the ipw^ temperati^ polymerization was re> 

'^stored. . .^^^^^^i-.'-y^^j^^:,- V/i'^:^^ - •* " vy ■ 

./ (>ne chairBctertstic;of a self-nucleated condensation polym- 
erization is that tiie initial rate of polymerization is direcdy 
prbportionil.to thejj^^^ the initiator (13,' 24). In 

prder to test tliis p]:«diction and to deteitmn^^ noinimal size 
of the prombtor, inoeasing quantities of native dimer were 
r added to-a fixecl concentration of monoiner.(Fig. 5L4),.acd ti^- 
^ temperature^wastreduced to 4;^^ No, change ip -.4^tim was.% 
. observed, in 'jih^i^al^nce: of whereias. a typical cdnden- 

^sation polymerization reaction was observed upon addition of 
• ■intreasirig concentr^ a . critical cdiicen-^- 1 

taration bf.dimer^ tiie iMt^^ ^R^^y decre^i^edl^ apad 

the initial rate prtiie r^c^ increased as a linear function of 
the dmer.^concentirktipn. Similar findings were observed^with 
5fi). The various sampl^Sj were:aUoWe^. to. 
wp<>k P.Txd the CQroprecipitate&£^rmeawere^ 
,coO€«ted„by. .centrifugatipn; the ampimt of .fn^roglobid^ 




' experiments.-- The poiymerizati^ ^ 
/ mg/nd was induced , by Jpwering iSe tempmt^ 
t6 )20:. %C^^ mih. TTiis relatively smiiU^F^p 'iri ^^^ tained'in^heipre^ 

-— : 1™ -^i^^'»ri.^^^ deterinin^^^^ after (Ulution :in i0.2!5^M^ 

aiSp/tlcctic Jficub^ the. quantity.rof j;^".; 

rciyoprc^itiate.i^^^ - 

of:the.ii^npme!rihad.pc^^ •^f:<«b;V-At* • 

. An addit^qi^'predic^ . 

reaction ,is^. that *jthe :m of - elongatipn is dprectiy pro: . 

portioned to tiie]monQm^^^ ahove a critical cop-; , 

centration :-( 13^; 24);r la- prder to verify this property.^a fixed , , 

quantity^of-purified^dimer was a^ 37 to increasing 

iSnu^the 1^ to equMirium of the p^j^rization x.cpncentra^ps^c^^^ The:miztmre was tihen ^rapidly 



^.seopbd'h^ polymeiizatipn phaseand ana- 

>'ly^ at 20 ?C in the analytical uhracentrifuge. ICgh.polymers : 
' re^fionsibl^ rf<^^ the liglht scattering sedimented to tiie bottom 
- ofitife ultracentrifiige cell, and the dimer was thie only stable 
•vjntennediatef'detected in significants amounts during polym- 
<er^atidn(dataiiot shown). 




bing,6nto preformed oligomers^ as well as preparations of tiona (1.7 X 10"* and 1.1 x 10"* m, je^)€ctively), increa5'.;d as 
oligomers of various sizes viiiich'^puld. be: a8s^sed';f6r !theif , a linear: function of tfieimolar concentration 'of monomer: 
ability to initiate the growtii process: To this end,,a solutions -1.54-fbld 'increase iii Uie^ dimer. concentaration resulted in a 



^v>>T^v : 'X?''of solubilized native cryo|^obulin^.at, 15 mg/ml waS;^cooled*tor 
room temperature and applied t6 a calibrated Sl^phacr^ S-. 
3O0 column. The ehition profile (Fig. 4) showed a distinct peak } 
f V of hi^ polymers, larger than IgM, follow^ by ^a major peak ; 
of monomer elu^ig at Ke/VrsO.^ characterized by a marked 
shoulder (fraction 11) on its ascending limb corresponding to 
a VJVt smaller tiian that of 8 S IgM. As diown in Fig. 4, the 



^1.5&-fold increase in both the sbpeland theyiintercept^ tiiei- 
curve obtained for the lowest seediconcentration. ^ ' -i: . 

Assuming that the polymerization-^polymerization'reacT 
tion occur8-at:the end:of^e:linear polymer of ciyoglobulinv- 
the initial rate of assembly is the sum of the rat^ of polym- 
erization and depolymerization and can be flescribed by the 
following equation 
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, > . ■ • >j;I!^G-4 5; , Kinfi^cs^ of ciyo^obolin pol^erizatio^ 4 in 

I* 'Ty' -l ia^&Sih^is sKow the'deperideiice'of th^^^^ 
^ -i.^ the dimi^ conceritratioit*>l, IgGl Cac at 5'6 ing/nd in Buffw TOiS 
' - v-^iiv ^-iifti the: prince of following concentrations, of diinen a, 0^; ft, 
* . • rj; ;>;:iOJ32;^c.^(K54;^</. 0^,e, 1.6;mg/mL B, IgG3 Pav monomer at 2^ mg/nd 
» >ini50>mM NaCU 20 mM^Tria-HCl buffer, pH 7.8;r:with^the following 
. . / Xamccntations^^^ 

i ^ rates "of gr^Wcally only for 




.*?jK;feriv ^*^^ ,v:.--: 'r¥*.^:' ;\ v'^Vjvt-^f- . ■• . 

, . r whcure [JW}.and:[D] represent .^l^jnonpinCT roncentration and . 
the mimWcdn<«nteatio"n o^diIner, ^espectivyy, anS and 
.ife-:are the apparent rate ^cqnstmts f 

. depolymerization, resp«itiydy.3^ a propor- 

tionality constant relating die .4i»itro^,^^ 
polymerized This pn)"portioMdityx»nstant tos estimated to 
be 0.7 Aaaonm imits/pM of jnonoineis polymerized (see "Mate- 

. rials and:Metiioda"). According to the preceding^^uation, the 
y intercept in Fig. 6 corresponds to -(l/c) '>4% the 
slope is given by (\/c)kJiD\ Therefore, the first order rate 
constant for depolymerization {k-) and the second order rate 



' ' - Q- " '2 / 4 '6 . 8 ' 

:7 ' ■'"•mowner tCJncertralJOnCnn^ ' *; 

Fig. 6. The initial rate of a^embly kinetics as a ftmc^on of 
cryo^obulin monomer concentration. 1%e emierinients were car- 
ried out at 4 °C at two different concenti&tions of autologous dime^ 

0.61 mg/ml (•— — •) and 0.35 mg/ml (■ ■)> respective. lh& 

initial rates ;bf polymerization were calculated from the increase in 
AjrowMttkac aftg the tegyeMtore was rapidly Wteic d to 4^C 

constant for polymerization, (hk) could be determined gn^ihi- 
caUy .and.were foun^ X 10"f s"' and 4*72 X. 107^ 

M~' s"\ i^iectivelyj.at 4 f C. ^tlie equilibrium constant = 
k^/k-w^ tiieirefore;4.6 x 10^ m~'. llie.monomer (xmo^ntra- 
tion at wluch tiievraite of polymemation is equal to^the rate of 
depoiynierizatipn^com^ponds,^ the x int^roep| and was 
found to^'^2^17rx^lO*^rM ^e. Z2& v^ja^ w& m^ 
of the jpromotof concentratibn. .point represents the 
,equiiibniup(i moiu^^^ concentration at wfaidi d{M\/dt ~ 
b. TTius;^, = kl^/k^ '— A/K, where. Jf is the eqmlibnum^ 
assodation ^'nstant 4.6 x 10* M"^).^When amilar polyni-. 
enzation'i^reactibns were carried out at lower. ionic^str^gtfa 
(Le. GO msi versus 150.mH NaCl) which^-as knoWn to ei^^ 
the .oyophencmienoiC tiie .equilibrium mononier .OTnoentr^ 
tion ^inB^Hiecrea^ to about 6.7 x 10~^ h (1 m^n^, az^^tfae 
mitial irat^ of polymeri^tion were increased byJone'jdijler of * 
i&agnitade (data not sho[wii). v • - - \ . 

OT^I^order- - 

^ithe'>:;l^U^ *-v;; 

mo^bm^%:bito^aytol(^ native dimejhB used ja^-prorrotar^ 
we t^ted:^^^^^ induce ti^lnuc^ 

tionnSontrbiled^ 
ieadflurwS^p^ 

tiie al^bgous/crybgjp^ IgG were jn^^ared . 

by gel1ffltfatu9n.:jC^^^ 
by rcacdiig^j^ljc'm^^ 

\ Unider.bi^mnal conditions, 50%> of tiie monomer was ooyidait^ 
cross-Mnked.in theToim. o^ or tetreusiCT as 

' Kbne ipf^ti^^ pi^pairations yw[ able tb initiate ti^. tenqiera- ^ 
lla«Hdiegpad t 
<»ncentiafens' (ke ow iW PurtfiOTOore,*.!^ 
dimeis. were unable to imtiate^the pd^mematiim of tv^ otfer ^. 
monomers (IgG2k^e.and,Ig^ fo'ciybprec^,T.,;> 
tate in tiie preseiiceSf thra jaaitok^D^ ^ J . ^ ; 

It wasjdso diowiTtiiat the^ poiymcmatipn reaotifm is ;Fcv, 
independent Both tiie F(ab')2 cmd FaBj^g^^ 
to ftffm gel tiirpu^ anudeatip^HCpntrofled pdy mpri M tin n in . 
t^ cold ^^t aVhi^Uter Wice^^ 

ecule (Fig. 7). It was possible to demonstrate that the addition 
of as little as 1% ox IgGbc Cac dimers induced an instantaneous 
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i hours at 4X J ' 5 ' 

Fig. 7. Kinetics of polymerization for the Fab,and*F(ab7t^^ 
fragments of IgGl Cac at 4 Fab at 19 (a). 17 (6). and 24 (c) ] 
mg/ml in Buffer TBS; Fi&b% at 3.9 mg/ml in Buffer TBS (ii) and at 
the same concentration in the presence of 0.08 mg/ml of IgGl Cac 
dimer (e). 

polymerizaMon of a 3S zng/ml solution of^(ab')2 sumomeis 
which had been previously shown to be unable to ciyoprecip- 
itate'at 4fe {¥ig^1)yi .'^ ■ ''^W '--V-'f 

D^lymerlzathnofOyoglobuUn TubulanStmcfiires^As^^^^ 
shown in Fig. 2Bi -the cold-induced assembly^is totaJly revers- V 
ible^at'S? ^'C^Hie-depolymeiization kineti<S:of solutapns of:^ 
oy^glbbuliniB' cohtaibing Various quantitie»3^c^'tubulair^iM)ly- 1' 
ihersVbf an unequal length and dianieter/:were -studied by 
tei^eratinpe jinnp.ei^ (Fig; 8/1). FoUowing k brief lag f. 

phDse of 1(^15 Sv corresponding to the tinier , required for 
thetrnal equilibration, tiie rate of di^sseniblyVas about three ' 
ord^ of magnitude faster thai &e rate of polymerizatidxL If 
the^initial part' of, the' Reaction conresponding^toftiie lagpl^^ ' 
was ignored, the kixletics approximately followed i^eiido-first ; 
order kinetics with, a sin^e relaxation tune of 27 s; Neverthe- - 
less, curve-fitting' analysis using a cbmpi.rdr p^gram ^owed 
that tiie'reactiohj was inore complex since the experimental; 
^ data could not b^ accoimted for by Hie sum of three first order"^^ 
processes (data not shown). The initial rate of depolymeriza- ' 
l^tijoTn^ was diracUy the mass i^ncenlanE^ : 

^^lymier determihed at 4 °C •(Pig. ii4).-In^a-i|ec^ 
^qKsiments, it was'^own that liie^initial^te'pfrdei^l 
ization for a fixed?jronl^tiation of [k)lym^^incre^^^ with 
Uie iunplitude of .the ten^^eratiue jimip (i^. flB)^'^^ - v 

Moleculoff- IxK^ of, the Site of M'i^pt^r-Monomer < 
Interactwn-^^ described ^perhnentelsti^^ 

' suggest tiiat the sdf-nudeating event is. iiide^Bd^the d^ , 
' tiqn of the crydgjobidin monomer.tlliis dim^izatibc' step- is ; 
. thehnodynaTnically- unfiavorable. It was not;pb^ible U> deni- ' 
-.onstrate any tcfmperature-dependent^Dnformatio]^ 
^ in;tlie intact Igpimblecule or its F£d>\fragni^£'The^ . 
atiire-dependent dianges observed^Hy drciU^ dichrpiam for 
; Fab. Cac were nqt jdipificantly di£ferent fivmCthos» cb^^ 
/ fdr^the^F'ab 'fitL^ixent of -a nonc^ mbnodonal *^ 

4gG,Lc (data not , ^wn)... By difference; spectroscopy, we 
cshowed that lowering the temperature of atsolution- of IgGlic 
^:Ckc or Its Fab firagment induced r^^ahifted difference spectra. 
i^However; It warishown that the dianges in molar ahsorbance 
:at 1^0 different fixed wavelengUis varied as a lineur function 
'of the temperature, as expected for a solvent effect and not a 
conformational dumge (data not shown). 

It has been deariy dxown that die Fab and F(ab')2 frag- 
ments of the molecule are capable of ciyopiedpitating and 
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^ minutes after temperature airnp^,-, 

Fig. 8. Kinetics of cryo^obuhn depolymerizatioiL 
of IgG Cac at different cpncoa^ 

' ized at 4 °C ahcl subsequently depplymeiized at 28 ^C.'^l%e ^i^lym^' A 
erization kinetics qbj^ned by continuous recormng' o aS^f / 
■ sorbance at'SSO nm fblloinng a^'rapid tempieratuire jump 
■^^C, Inset shows the diEFpimdehce.of the initial rate of pi^ym^aizatiori.v ^ 
:^dn'the tot4 ciyoglc^bdin concentration. The initial rate\wai grapM<i^'> 
s caUy determined after. the^lagjphase (approzimatela^lS s) cone^^^^^ ; 
ing to thormid.equililuraUon. Cryog^obidin concentrati^^ ' 
was: a, 2.8S; by AJ^i^l bJ^^ 19. depwdence 
'erizdtion kii^tics on ti&|ln^^y^tu^*c^^ 

of ^ CScWe mg^ in-^ was pol^ernsed at 4 "C'and- 

aibsequeiiil^^depolyto temperature to: ai<^ ' 

T9 *C; 6;23 ^tC; c, 33 fC; d, 38*Ci/nse<; initidratteof d^ 



asafimcticui at ^e find.temperato ^^-^i v^lrs- - - 
-• r . <v * v\ • ;^ .r-':iv'i^ r ^,^*%f5^^;^^-v-^^-^»^:• 



forming tubular' structui^ similar- £0 tlie pareiit-^mdleculel-' , 
Tim iit^lies thai i^ie region'iiivolv^ in the pblynctmzaMdh & - ' 
contained Within the Fab'fragm^nt It sho^uld be'stiressed tKa ' 
higlier molar cdnceni^tioi^ of Fab fragments wereiiiqiiired' ' \ 
to ihitiatiB the formatioii lof a cryogel, whereas F(ab')i frag^- 
ments hadan ability Co.eryopredpitate compzurable to tiiat^df 
'tiie inted; >.IgG: The^iftact^'that only/ auWogousr-i^ 
induce tfae'spedfic rmdea^ii ofboth th^.lgG'in^ 
a4) aiKl t^e FlabOi frBet^nt^p^^ T^^ 

Uie^region^inVolved i^i imnnameKmohomer assoc^ is re- - 
stricted^to the complementarity-determining segments of tiie ; , 
V i^gimisi B^ild^recluctibn of the inter'^H-L disulfide bridge of 
the native IgG'andlts proteolytic fragments completely abol- 
ished this specific inter^rtiorL When this bridge was reoxidized ' • ' 
in the ^^bsence of diasociatioii of the H and L chains, the 
ctyopredpitability of the molecule 'was restored (Fig: 2A). In^- -.' 
oottb:ast;'the recombinant molecule obtained by noncovalent 
reassodation and reoxid&tion of isolated H and L chains were 
unable to polymerize even at 7 mg/ml, and the addition of 
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autologous dimere to the reduced and alkylated molecule 
could not trigger polymerisation. 

DISCUSSION 

Althou^ the mechanism of cold-induced polymerization of 
monoclonal cryoglobulins had not been elucidated, results 
from previous experiments suggested that the precipitation at 
low temperatures of these proteins mi^t be a nucleation- 
controlled event (32, 33). The objectives of the present study 
were 2-fold: 1) to test for a condensation-polymerization mech- 
anism in order to establish a model for die in vitro assembly 
of monoclonal ciyo^obulins, and 2) to localize the region of 
the molecule involved- in the mononscr- monomer interacticn 
promoted at low temperatures. The study of two monoclonal . 
cryoglobulins of different ^bclasses (IgGLc, IgGStc) in parallel 
has clearly shown that cold-induced polymerization is indeed 
mediated ' by ~a nucleatioii event The ^istence of a ditical 
concentration below which the IgGlic oryog^obulin does not 
polymerize and a concentration-dependent lag* phase and ini- 
tial rate are strongly suggestive of such a mechanism. Similar 
observation:: Kave been made for a' monoclonal IgG2fc cry- 
oglobidin (32, 33). It has been shown that a solution of 
cryoglobulin monomer, freed of oligomers by gel filtration, is 
unable to polymerize even at high concentrations, but that 
the addition of trace amounts of soluble polymers (seeds) at 

V 37 *C initiate^ the poljnneriiMltion at ;4 ^C. It was fiCurtiier 
demonstrated ^hat. the smallest species capable of actiiig as a 
promoter is the rriative dimer obtain^ by cryoprecipitation of 
tHe monomer at 4 °d. The kinetic predictions foir ah 
contrpUed'polymenzatiQn haye been confiraied m the case of 

^ monoclontd 'atyoglo^^ by- ttie'foUqvmig'fin^^ Under 
equilibrium conditions favoring p61ymeriza|d6h;;the only sta- 
bie inteniiediate detectable by analytical ultracentrifiigation 
is the dimer.jNj5 other discrete oligomeric,s{>ecies.smaller than 

' ' i the large 'tubular stractures.are found'i^^ 
*rAt a fixed'conccnt^tion of monome;r,;the i^ R^^?^ polym- 
" erization is diiwtiy proiwrtidnal to the'^once^^ of dimer 

. ; added. At^a;fixe(El concentration of ^dime^^^^ rate of 

" assembly iiicre^ses in direct pfopbr^on' ^S^tfie concentration 
of cryoglobuhn;monomer. llie^dimeric pro™ depolymer- 
izes .^upon^iilutionjw^ concenfiratipn r pf .monomer . is . 

" ' ' below Ih^-m&aS ^ Fmatlly,^ tiie ^aitial lite of 

v^depolymerization'! fbUow^^ at^ temperature jump at 28 is 

, ^;,durectly propoVtiqrial to me. pplyiner roncentrabpn: , 
^ Taken tbgethei'^^ 

condensation jpolymenza of inpnoclon^ can 

be described as follows'.^' ' •^■ ''j'Xf','''^^^'y^'^^ 
. ^ ,1) The dimeiization of 
/: a^theiinoii>ni^^ The rate 

of dimerizatioi^^^^ arid *^ 

, is the liihiti^g factor in the pply^rizatipn This * 

; . accqurits for the^ c^ lag phase , 

and or*ti[ie imtial rate of the^ r^ctiqn;'!^ firS^ 
. ^the impi^ubibiUty dfiHe diui ol^tain^mth differs 

pAparatibi^^of 

vamble amoim of otigpmers;^^ on the 

; './tebhmques^^ haye''beeh''\ised toy:^oiateV'roIubil^ and ' 
^cenffifu^^ the de- 

tailed fneblutni^'df tiiiW dmenzatio^ unclear, 
^^'pie formation of dimert fia^ b^n Ishbwn to f^'necessary for 
, the'^cbld-indu^fed as^in6ly>f an IgGl Fab fragment (29) and 
^fof (5iat of alcryopr^^^ hiiman A' chain (17). Althou^ 

' a thermal tranisition^ has been proposed to explain the imtial 
~ st^p^'of thVpblymeriiati^ pathway (17, 20;* 31) circular di- \ 
chroism arid difference spectroscopy studies performed on 
both the native IgG and its Fab fragment at various temper- 
atures failed to detect significant conformational changes. A 



similar observation has also been reported by other groups 
(21, 32). Conversely, as reported in tfab paper, a decrease in 
ionic straigth resulted in-n marked increase in the rate of 
polymerization and a significant decrease in tha mnnnrn^ 
critical oonoentiatioiL However, a conformational change oc- 
cuning in a limited region of tibe molecule v^iicfa would not 
afifect the spatial orientation of aromatic chromophQres could 
be missed by these me&ods of detectioxL It has been estab- 
lished that an increase in bnic strength can reversibfy abdi^ 
the monomer-monomer interactions at low temperatures (17, 
21). Hiese results indicate that electrostatic interactions be- 
tween Fab fragments are an essential feature of the i^ienom- 
enon, auu sinc-e thus*: electrosiaiic interactions-are tempera- 
ture independent, it is reasonable to assume that a redistri- * 
bution of charged amino add side chains have been -induced 
at low temperature.^ s . ?: t • :. J.'^ . * -* :.:* j 

2) This rate-liiniting nudeation event initiates the tber- ^ 
modynamically favorable temperature-dependent elongation * 
of the tubular structures, as-^dged . by the^electron mi(b^ v 
scopic studies of the cryoglobulirL These growth processes are' ' 
nevertheless slow, with an apparent forward rate oohstant'for 
the elongation step of 4.7 x 10~* m"* s"*. Hiey probably result 
from tiie addition of monomeric subunits, initially onto die 
dimer -and subsequently at the extremities 'Of<^e^ growing 
mieretubule. Further interac&>ns'between^tofaiilar structures 
lead to'the alignment of micro^bules into ^roll^onlered bun- >^ 
dies or to the fonhation of entaix£^ filament^^ 
are analogous to tHose.r^rtled. by WEBon jomd^'Maldnra (40) 
for the fiber-to-crystal transition of deoxygpenated^ck^ 
hemoglobin. Thesii: authors showed that: geb:^^sist df/ra j 
domly oriented gproupis of fibers in contrast to^^^ . < 

networic.of filaments! in .deoxy 'Hb S crystialsi^If is likdy tiiat^' v 
the high viscosity *of*the ig^l phase has impeded't&'ci^stani- 
zatipn iirGksess pf.the 'two moruxdonal qryoglohulins used in 
our study. In that^xesiiect, jt is noteworthy tl&t.the crystellir 
zation .of four huinan <^Q^obulins (IgGlK I>pb'K35), l^Lc 
Kol (6), IgGlA M<^, :and>^IgG2x;Zie:(e))^l^^^ 
three-dimehfflonal '£uialysis by srray diifiractipiL^Nevi^^ 
biBcaCise of tliese multiple, ifitermicrptobiiie'ihte^ 
rigorous analysis/pf the kinetics oipolymenzaiip£S^ ^ 
ulins beconi^.exti^mely cornpl^ - - . . --r^ ' . ^ 

3LThe d^jei^^s^ii^t^ is e»eeedi^y rapid as com- . 
pai^ to the jH>|^indrization not been possible' 

to elucidate j^e^m^hmism m^ bec^ii^ o^^ , 
of the, reactiori,' due Ito.ithe.'fa tlmt'' the|tmtip^^'S^ 
tubular polymers' isv^pt'hoinbgeniebu^ Although!the. p 
diepoiymerization by ^'release of monomer fibin, the eiids of the 
tubule should ot^yi^ssero.ordeV'/kineti order 
rate wiU^lK! superin^)^^ tim^ep^ndent 
pearance of tubular, striictora heterogeiieous iii le^g^ 
explains why the initial rate of defwlymerizatimis ai]^^ 
a linear liinction of the iiiitial inass:cbhc»zi 
' ^^It has'b^ dearly demoiistrated by ultra^lzuiHurallsto . 
and by tiie use o|^proteolytic frag^ . 
enon^ is^ Fab dep^iclent' Ox^^remart^^ < is ithatTthe 

'ciyo^:structurepf-j^^ of - 

Uie p^ht^leculel<£dthoju£^ external diameter j6fF(ab^ *^ 
tubules is significsSitly sinaller than that of IgG rods (1& nm 
wrsiis 30 nih);>IgG;xmqr6tii of two opnoentric 

tob!^ the 'dialler, one' bei^ size of:F(ab')s 

crpss-sex^pi^ Tlier^re,^ theVdiffer^ of about 11 nm in, 
external diarneterimay be accounted for by &e lack of the Fc 
fragment (7 nm), agaimiwg that ti^e IgG molecules are radially 
arranged .wiUiin the tobe^Fabsifornung the mteinal tube and . 
Fes the external one. Lateral assodations between aligned IgG 
microtubules miffht result from Fc-Fc interactions (%), dnce 
these well ordered structures are not seen in the oyt^Eds of 
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proteolyttc fragmenta The dimensions of the annular section 
of die hollow FCab'h rods are similar to those previously 
reported in the literature for otiier monoclonal cryo^obulins 
or cryoacystals (3, 14, 27, 37, 39). 'Die observation tiiat the 
Fab fragment can fonn similar structures, but with a slightiy 
different and more fragile organization, indicates that multi- 
valency is an important factor for stabilisation of tiiese siq[)ra- 
molecular structurea . l^iis Fab-Fab interaction has been 
clearly demonstrated in tiie crystal lattice of IgG2 Zie cry- 
oglobulin by electron microscopy (27). Tliese results invalidate 
tiie hypothesis that a structural anomaly of tiie hinge (iLe. 
t deletion (35) or extra S-S bond (33)) forms tiie molecular basis 

- fur the.unusual theimal properties of monoctonai cryo^obulih 
(32, 33)*.^ Furthermore, tiie hinge peptides of the tiiree cryr 
o^obuliiis used, in .the rpresent study were normal^ and the 
three-dimensional structure of tiie normal hinge region of Kol 
IgGl cryo^obulin:,has£recently been established by high res- . 

- ohition x-r^ di&actipn analysis (18). f To 

In addition,, ytre have' shown that tiie nucleation-controUed 
polymerization is a phenomenon specifically and exclusively 
inducible by autologous native promotersw liiis crucial finding 
clearly indicates that hypervariable regions are directly in- 
volved in the recognition sites between cryoglobulin mono: 
. mers and ithat .aggregation of the cryo^obulin, chemical mod- 
ificatfoiFof ^3rsine groups by bifimctional cross-linbing agents, - 

' vor.teaiisient.addfdenaturation .of the polypeptide chuns r^ 
-sults^in :an.irreversible;loss of tiie thermal properties .of the; 

' molecule, jprobably by^.modifying the limited region(s) in^; 

. vblvedrinVUie^phenomenom Confirniin^ previous experir^ 
':*ments on a:.cryoprecq)itadng human \ chain (17), a change ih; 
•the tertiary striictiire^of the molecule due to the cleavage of 

, Vtiie GOOHrterininaJ causes inter H-L disulfide bridgerinduced; . 
<»nforniatidhal changes at a distance in the variaUe region^of 

i^.the Fab fragrnent . leading to a loss of its tiiennal senisitivity.T 
RecentiyV' it has been shown that some monoclonal cryoglob^| 

; 'ulins may texpress an>utoantibody activity directed against^ . 

I'j themselv^:. Along tiiis l^ possible. anti-IgG activity of 

' soine monbdonal''igG...cryogiobulin has-been porevibusly re-^' . 

; ^ piorted'Ulv 37),^ and a cryopredpitating monoclonal IgM .with' 
cold ag^utinin actiyity has been shown to react with ifis own; 
N-cu:etylpeuraminos^ residues (38). In IgG-Kc^ Ci^^stals, th 
hypNEETvamdble segments of one molecule' are in close coBtact^ 
witii the; hinge peptide, of a nei^iboring riioleculei;i^.in aiv.^ 
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The pK values and reactivities of the thiol groups which participate in the formation of inter- 
chain disulfide bonds in Bence Jones proteins and the Fab(t) fragment of a myeloma protein 
(Jo) (IgGl, c) were determined by means of the reactions with chloroacetamide and DTNB, 
and of spectrophotometric titration. The two thiol groups of partially reduced type k Bence 
Jones protein dimers had the same pK values {pK~9J6 at 0.2 ionic strength and 25°Q and 
the same true second-order rate constants (k) toward chloroacetamide (A: =18.8 x 10**-M-i-s"*). 
The two thiol groups of partially reduced type X Bence Jones protein dimers had different pK 
values but the variation of the pK values among the specimens was small (piTi =8.5-8.6 
and pKt^9.S'9J at 0.2 ionic strength and 25°Q. The spectrophotometric titration of 
partially reduced Nag protein (type X) also showed that the two thiol groups have different pK 
values. The pK values of two thiol groups of the partially reduced Fab(t) fragment were 
determined as 8.51 and 9.76 at 0.2 ionic strength and 25^C. The efifect of ionic strength on 
the pK values of the thiol groups of partially reduced Nag protein and the pK values of the 
thiol groups in partially reduced Ta protein (type s) and in a hybrid molecule formed between 
partially reduced Ta protein and partially reduced and alkylated H chains indicated that the 
difference in pK values did not arise from electrostatic interaction between the two thiol groups, 
but that the pK values are intrinsically different. The true rate constants, ki and k^, of the 
two thiol groups of type X Bence Jones proteins varied with the specimen (^i= 1.9-5.7 x lO'^ 
M-^-s-^ and 18.5-25.0 X 10-' M-^-s-^. The k^ and ^, values for Jo-Fab(t) were 7.21 x 
10-2 and 23.1 x 10-2 m-*-s-\ respectively. On the basis of these pK values and reactivities, 
we discuss the reformation of the interchain disulfide bonds from partially reduced Bence 
Jones proteins and immunoglobulins in the presence of oxidized glutathione. 



^ This work was supported in part by a grant from the Ministry of Education, Science and Culture of Japan. 
Abbreviations: DTNB, 5,5'-dithiobis(2-aitrobenzoic acid); DTF, dithiothreitol ; EDTA, ethylcnediaminetetraacetic 
acid; GSSG, oxidized glutathione; SDS. sodium dodecyl sulfate. 
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Bence Jones proteins are free light chains (L chains) 
of myeloma proteins (monoclonal immunoglob- 
ulins) and are synthesized in the plasma cells, 
like the parent immunoglobulins. Bence Jones 
proteins exist in three forms, stable dimers (disul- 
fide-bonded dimers), dissociable dimers (non- 
covalent dimers), and stable monomers. The 
stable dimer consists of two monomers which are 
linked by a disulfide bond between cysteinyl resi- 
dues at the carboxyl termini (type c) or at the 
penultimate positions (type ^). The thiol groups 
of the cysteinyl residues of dissociable dimers and 
stable monomers are not free but form mixed 
disulfides with low molecular weight thiol com- 
pounds (/-i). The thiol groups of IgMs (a subunit 
of IgM), which participate in the formation of 
inter-subunit disulfide bonds, are also blocked with 
a thiol compound of low molecular weight in the 
cells (4). These findings suggest that the interchain 
and inter-subunit disulfide bonds in immuno- 
globulins and Bence Jones proteins are fonned in 
the cells by thiol-disulfide interchange reaction with 
a low molecular weight disulfide compound. 

Previously, Kishida et al, (5) studied the 
formation of disulfide bonds from Bence Jones 
proteins and IgG, in which interchain disulfide 
bonds are reduced, in the presence of oxidized 
glutathione (GSSG). They showed that both 
stable and dissociable dimo^ are fonned from 
partially reduced type A Bence Jones proteins, but 
only dissociable dimers are formed from partially 
reduced type c Bence Jones proteins. They also 
found that the yields of the stable dimers are 
different depending on the specimen of type X 
Bence Jones proteins, but the interchain disulfide 
bonds of IgG are formed completely under the same 
conditions. Such a variation in the formation of 
interchain disulfide, bonds among these proteins 
seems to reflect differences in the pK values and 
nucleophilicities of the thiol groups, because only 
thiolate anion participates as a nucleophile in the 
thiol-disulfide interchange reaction. 

In the present paper, we report the ionization 
behavior and reactivities of the thiol groups in 
Bence Jones proteins and the Fab(t) fragment of 
a myeloma protein (IgGI, c) examined in terms of 
the reaction with chloroacetamide and discuss the 
formation of interchain disulfide bonds from 
partially reduced Bence Jones proteins and 
immunoglobulins. 



MATERIALS AND METHODS 

Proteins— Ben<x Jones proteins and a myeloma 
protein Jo (IgGI. c) were prepared by the methods 
described previously (5). Normal human IgQ 
(Fraction II) was obtained from Sigma Chemical 
Co. Trypsin and soybean trypsin inhibitor weic 
purchased from Worthington Biochemical. Prep- 
aration of the Fab(t) fragment of Jo protein was 
carried out according to the mthod described 
previously (7). 

Reagents—Dithiothiciiol (DTT), N-acetji-t- 
cysteine, chloroacetamide, iodoacetamide, 5,5'. 
dithiobis-(2-nitrobenzoic acid) (DTNB), and so- 
dium dodecyl sulfate (SOS) were products of 
Nakarai Chemical Co. Ethylenediaminetetra- 
acetic acid (EDTA) was obtained from Wako 
Pure Chemicals Co. Oxidized and reduced glu- 
tathiones were purchased from Sigma Chemical Co. 

Reduction of Interchain Disulfide Bonds — 
About 1-2% protein in 0.02 m Tris-HQ buffer, 
containing 0.2 m KQ (pH 8.2) was allowed to reaa ; 
with 20 mM DTT for 30 mih at room temperatuie. , 
Under these conditions^ no intrachain disulfide' 
bonds of Bence Jones proteins and -Fab(t) were 
reduced. We refer to this procedure as partial 
reduction. After the reaction the protein was 
separated from the residual reagent on a column 
of Sephadex G-25 equilibrated with 0.1 m KO- 
1 mM EDTA. 

Preparation of a Hybrid Molecule from Par* 
tially Reduced and Alkylated Normal H Chains and 
a Partially Reduced Bence Jones Protein — Partial 
reduction of normal human IgQ was carried out 
as described above. The reduction was terminated 
by the addition of iodoacetamide to a. final concen- 
tration of 44 mM followed by incubation for 20 min 
at room temperature. The reaction mixture was 
applied to a column of Sephadex G-25 equilibrated 
with 0.01 M acetate buffer at pH 5.5 to separate the 
protein from the excess reagents. The protein 
solution eluted was made 1 m with respect to 
propionic acid at 4°C and left to stand for 2 h and 
then subjected to gel filtration on a colunm of 
Sephadex G-lOO equilibrated with 1 m propionic 
acid. The fractions containing the H chains were 
pooled and dialyzed against 0.01 m acetate buffer 
at pH4.5 for renaturation. The H chains thus 
renatured were mixed with Ta protein (type c). 
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bich had been partially reduced but not alkylated, 
^ the mixture was subjected to successive steps 
J (jialysis against the following buffers: 0.01 m 
^late buffer at pH 5.5, 0.01 m acetate buffCT at 
5.5 containing 0.15 m KQ, and 0.01 m Tris-Ha 
at pH 8.0 containing 0.15 m KQ. During 
^ dialysis, the H chains assembled with Ta protein 
^ gave a hybrid molecule. It was purified by 
^ filtration on a column of Sephadex G-200 
^uilibrated with 0.01 m Tris-HQ buffer at pH 
0 containing 0.15 m KCl. Before the reaction 
»nth chloroacetamide, the hybrid was treated with 
DTT. 

Kinetics of the Reaction with Chloroacetamide 
_To 2.5 ml of 0.1-0.2% partially reduced protein 
»^ added 0.5 ml of a chloroacetamide solution at 
25 "C. The concentration of chloroacetamide was 
j-ftanged from 5 to 100 mM, depending on the 
experiment. A sample of 0.3 ml of the reaction 
nuxture was taken at times from 1 to 30 min after 
ttie start of the reaction and the extent of alkylation 
ft-as determined by titration of the remaining free 
thiol groups with DTNB, Since the rate of reac- 
tion of the thiol groups with DTNB was more 
rapid than that of the reaction with chloroacet- 
amide, the titration of thiol groups was carried 
out without removing chloroacetamide from the 
reaction mixture. The pH was controlled with 
Tris-acetate buffer (below pH 9.0) and borate buffer 
(pH 9.0-10.8).- The ionic strength of the solutions 
was adjusted by the addition of KQ. The control 
experiment was done under the same conditions 
except for the absence of chloroacetamide. 

Kinetics of the Reaction with DTNB— A solu- 
tion of partially reduced protein (2.8 ml) was mixed 
rapidly with DTNB solution (100 /il) in a silica 
cell at 25''C. The change in the absorbance at 
412 nm was recorded. The concentration of 
DTNB in the stock solution was determined by 
titration with a standard solution of reduced 
glutathione. Tris-acetate buffer was used and the 
ionic strength of the reaction mixture was adjusted 
by the addition of KQ. 

Spectrophotometric Titration of the Thiol 
(7rf7M/?5— Ultraviolet difference spectra of partially 
reduced Nag protein (type X) and partially reduced 
and alkylated Nag protein were recorded with a 
Gary 118 spectrophotometer with a thermostated 
cell holder. All solutions were filtered through a 
0.22 ^m Millipore filter. Four quartz ceils of 
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1-cm path length were used. On the reference 
beam side, one ceil contained a mixture of 2.5 ml 
of an aqueous solution of partiaUy reduced Nag 
protein (or partially reduced and alkylated Nag 
protein) and 0.2 ml of buffer solution at the refer- 
ence pH (7.2), and the other cell contained a 
mixture of 2.5 ml of water and 0.2 ml of buffer 
solution at the desired pH. On the sample beam 
side, one cell contamed a mixture of 2.5 ml of an 
aqueous solution of partially reduced Nag protein 
(or partially reduced and alkylated Nag. protein) 
and 0.2 ml of buffer solution at the desired pH, and 
the other cell contained a mixture of 2.5 ml of water 
and 0.2 ml of buffer solution at the reference pH. 
All the solutions contained 0.1 m KO and 1 mM 
EDTA. Comparison of the difference spectrum 
of partially reduced Nag protein with that of 
partially reduced and alkylated Nag protein at the 
same pH gives the titration curve of the thiol 
groups in the former protein. 

Thiol-Disulfide Interchange Reaction in the 
Presence of GSSG — A solution of a partially 
reduced protein at a given pH was mixed with 
GSSG and the mixture was incubated at 25°C. 
In the kinetic experimoits, a sample of 100 ft\ was 
taken from the reaction mixture at an appropriate 
time and was added to a solution of iodoacetamide 
to terminate the thiol-disulfide mt^diange reaction. 
In order to determine the final extent of formation 
of interchain disulfide bonds, the reaction mixture 
was incubated for either 24 or 72 h. The extent 
of formation of interchain disulfide bonds was 
determined by SDS-polyacrylamide gel electro- 
phoresis. The amount of free thiol groups remain- 
ing was also determined by titration with DTNB 
after removing glutathione from the reaction mix- 
ture by dialysis. The final concentrations of pro- 
tein and GSSG in the reaction mixture were 
2 X 10~* M and 1 mM, respectively. The buffer 
solutions used were acetate (pH 5-5.5), phosphate 
(pH 6-7), EDTA (pH 7-7.5), Tris-HQ (pH 7-8.5), 
and glycine-KOH (above pH 8.5). All the buffer 
solutions except for EDTA buffer contained 1 mM 
EDTA. The ionic strength of the buffer solutions 
was controlled by the addition of KQ. 

Titration of Free Thiol Groups with DTNB— 
The amount of free thiol groups was determined 
by titration with DTNB at pH 8.0 in 0.1 m Tris-HQ 
buffer containing 1 mM EDTA. The absorbance 
at 412 nm was measured with a Hitachi 323 auto- 
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matic recording spectrophotometer. A value for 
the molar extinaion coefficient of reduced DTNB 
of 13,600 (8) was used to convert the absorbance 
at 412 nm to SH content. 

SDS'Polyacrylcunide Gel Electrophoresis — SDS- 
polyacrylamide gel electrophoresis was carried out 
at pH 7.5 in 7.5% polyacrylamide gel acconiing 
to the method described by Weber and Osbom (9), 
but 2-mercaptoethanol was omitted. Before elec- 
trophoresis, samples were incubated with 1 % SDS 
containing 25 % glycerol for 24 h at room tttnper- 
ature (for Bence Jones proteins) or for 1 min at 
lOOX (for Jo-Fab(t)). After the run. the gels 
were stained with 0.25% Cooraassie brilliant blue 
and destained with 5% methanol-7.5% acetic acid. 
Densitometric scanning of the gel was carried out 
at 600 nm using a Fuji Riken FD-4 densitometer. 

pH Measurements—A Radiometer PHM 26c 
pH meter was used. 

RESULTS 

Kinetics of Alkylation of Partially Reduced 
Bence Jones Proteins and Fab(t) with Chloroacet- 



omiV/e— Figure 1 shows semilogarithmic plots of 
the disappearance of the thiol groups of partially 
reduced Bence Jones proteins and Jo-Fab(t) against 
the reaction time at several pH values. Since an 
excess of reagent over thiol groups was used, alP 
runs followed pseudo first*order kinetics, and the 
rate constants were detmnined from the slopes:^ 
The observed second-order rate constant (A^bs) can' 
be calculated from the pseudo first-order rat^ 
constant and the concentration of chloroacetamiiy^- 
used. The pH profiles of /robs are shown in Rg, 2.^ 
In this figure, the values of /robs for N-acet^t.^ 
cysteine are also included. The values of Jfcobs of^ 
all the samples used increased with increasing pH.- 
Since only the thiolate anion is available for 
alkylation with chloroacetamide, the pH depend- 
ence of /robs can be explained in terms of the change 
with pH in the degree of ionization of the thiol- 
groups, and the second-order rate constant at a 
given pH can be expressed by the equation. 





10 15 20 25 6 5 10 15 20 25 

TIME (min) TIME (min) 

Fig, 1. First-order plots for the alkylation of partially reduced Bence Jones proteins (A) 
and Jo-Fab(t) (B) with chloroacetamide at 25°C and 0.2 ionic strength. A : Solid and 
broken lines indicate the plots for Ta protein (type «) and Nag protein (type X\ respectively. 
The initial concentrations of Ta and Nag proteins were 8 x 10** m. The initial concentra- 
tions of chloroacetamide were 10 mM in runs a, b, c, e, f, and g, 25 mM in d, and 20 mM 
in h. a, pH 10.98; b. pH 9.79; c, pH 9.35; d, pH 8.61; e, pH 10.82; f, pH 9.74; 
g, pH 9.17; h, pH 8.12. B: The initial concentration of Jo-Fab(t) was 8 x 10"* m and the 
concentrations of chloroacetamide were 10 mM in runs a, b, and c and 25 mM in d and e. 
a, pH 10.52; b, pH9.82; c, pH9.34; d. pH 8.10; e, pH 7.66. 



/. Biochem, 



(A, and K. 

semilogarithmic^*! 
e thiol groups oTti 
:eins and Jo-Fab(t)j 
:ral pH vahieai ^'J 
hiol groiips wasf^ 
rst-order kinedd^i 
^^nnined &onpi 
'er rate oomtaztFC 
i pseudo firsti.^ 
ration of ch 
r Arobs ai« she 

of Aobs for^ 
.^d. The values "bl^ 
eased with it 
!ate anion is a;^!^ 
etamide, the pH'^S 
led in terms of the i 
>f ionization of « 
-order rate constanti 
-d by the equation,^ 

4ta 





20 25 

les proteins (A) 
A: Solid and 

>l), respectively, 
litial concentra- 
in d, and 20 mM 
:2; f, pH 9.74; 
: 10"» M and the 

DIM in d and e. 



CROUPS OF PARTIALLY REDUCED BENCE JONES PROTEINS AND Fab 



1253 




n.o 



11.0 



Fig. 2. Effect of pH on the observed second-order rate 
constant for alkylation with chloroacetamide at 25°C 
and 0.2 ionic strength. A: Plots for partially reduced 
type * Bcnce Jones proteins and N-acetyl-L-cysteine. 
C , Ta protein ; • , Ham protein ; 3 , N-acetyl-L-cysteine. 
B: Plots for partially reduced type X Bence Jones 
proteins. Fu protein; Nag protein; 3, Ni pro- 
tein. C: Plot for partially reduced Jo-Fab(t). The 
lines indicate the theoretical curves (see the text). 



where K is the ionization constant, k is the true 
second-order rate constant for the alkylation of 
the thiolate anion, and (H+) is the aaivity of 
protons. 

Figure 3 shows the plots of /robs against ko\ss 
(H+) for the data shown in Fig. 2. In the case of 
type ff Bence Jones proteins (Fig. 3A), this plot 
gave a straight line and no significant difference 
was observed between two specimens, Ta and Ham 
proteins. The values of k and pK were determined 
to be 0. 188 ±0.002 M-^ s-^ and 9.76 ±6.01, respec- 
tively. In the case of type X Bence Jones proteins 
and Jo-Fab(t). the plots of koha vs. kobs (H+) were 
not linear (Figs. 3B and 3Q, and the vahies of k 
and pK could not be obtained directly from these 
plots. 

Bence Jones proteins are an equilibrium mix- 
ture of the monomer and dimer, when the two 
polypeptide chains are not linked by an interchain 
disulfide bond (70, 77). Under the present experi- 
mental conditions, however, the partially reduced 
Bence Jones proteins used exist mainly as the dimer, 
which is stabilized by noncovalent intCTactions. 
This was confirmed by the observed elution volume 
on gel filtration of the partially reduced proteins. 
The dimerization constants wcie determined to be 
10* and 10" m** at pH 5.5 for partially reduced and 
alkylated Ni and Nag proteins, respectively (77), 
and were found to increase with increasing pH 
(70, 77, Azuma, T., Kobayashi, O., & Hamaguchi, 
K., to be published). Therefore, at the concen- 
tration of Ni and Nag proteins (10'* m) used in 
the present experiments, more than 90% of the 
proteins exist as dimers even at pH 5.5. Partially 
reduced and alkylated Ham and Ta proteins do 
not show any tendency to dissociate into monomers 
(77, unpublished data). The Fab(t) fragment is 
composed of the Fd and L chains, which also 
interact with each other by noncovalent interac- 
tions. Therefore, two thiol groups are present in 
the dimer unit of the partially reduced protein. 
When these thiol groups are equivalent and inde- 
pendent of each other, the plot of /robs vs. kobs (H"*") 
gives a straight line and the values of k and K can 
be determined directly, as in the case of type k 
Bence Jones proteins. On the other hand, when 
the plot of Jtobs vs. kohs (H+) is not linear, as in the 
case of type X Bence Jones proteins and Jo-Fab(t), 
the ionization of the two thiol groups must be 
treated as that of a dibasic acid. The model we 
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, CH-]X10" 



4 6 8 To 



4 6 8 10 

*«b.CH-^]xlO" 



^ - 

Fig. 3. Plots of /robs vs. Arobs (H*) according to Eq. 1. A: Plots for partially reduced type r Bence Jones 
proteins and N-acetyl-L<ysteine. O, Ta protein; Ham protein; « , N-acetyl-L-cysteine. B: Plots for partially 
reduced type i Bence Jones proteins. Fu protein; O, Nag protein; 3, Ni protein. C: Plot for panially 
reduced Jo-Fab(t). The lines indicate the theoretical curves calculated using the parameters listed in Tabic I 
(see the text). 



used for the alkylation reaction of the type X Bence 
Jones protems and Jo-Fab(t) is shown in Fig. 4. 

If the titration of the two SH groups in the 
dinner is treated as that of a mixture of two mono- 
basic acids (SHa and SHb), the rate of disap- 
pearance of the total SH groups ((SH)t) can be 
expressed by the equation. 



d(SH)t f d(SHa) d(SH5) l 
dt 2 1 dt dt J 

The observed second-order rate constant, Jtobs, may 
be expressed by 



C7. ' 

where Ga and Cb are the titration constants and 
^a* and kb* the second-order rate constants for 
SHa and SHb. 

The macroscopic ionization constants, Ki and 
A^ii, and the titration constants are related as 
follows. 




^I=Ga-hCb 

KiKii—GtG\, 



(4) 



Fig. 4. Scheme for the alkylation of the thiol groups 
of partially reduced Bence Jones proteins and Jo-Fab(t) 
with chloroacetamide. The panially reduced protdn 
(a) is composed of two monomers, each of which has a 
thiol group designated as SHj or SH,. Microscopic 
ionization constants of the thiol groups corresponding 
to the resp)ective ionization steps arc expressed by A^a, 
ATc, and Ka. The thiolate anions of the species, 
b, c, and d, react with chloroacetamide with true rate 
constants of /r„ and and k^, respectively. 



Using a least-squares computer program for the 
nonlinear function, Eq. 3 was fitted to the experi- 
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^nial data shown in Fig. 2 and Ga, Gb» k^*, and 

* , ^cte determined. Ki and Kn were also cal- 
'latcd by making use of Eq. 4. 

vVe measured the pH dependence of Arobs for 
sag prot^>" '^"'^ strengths 0.05, 0.2, and 0.5 
c'a 5)- macroscopic ionization constants 

'*<te p^i=8.56 and pKii^9.6\ al 0.05 ionic 

* gih, pKi=SM and pA'n=9.64 at 0.20 ionic 
^gth, and pKi-^SA2 and pKu=9.5S at 0.50 
i^ic strength. 

An increase in the ionic strength from 0.05 
0.5 decreased the pKi value by only about 0.1 
unit. This decrease is in the range expected 
from the changes in the activities of both protons 
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Fig. 5. pH Dependence of the observed second-order 
rate constant for alkytation of partially reduced Nag 
protein with chloroacetamide at ionic strengths of 0.05 
<#), 0.20 (OX and 0.50(3). 25X. 



and ihiolate anions with ionic strength (72, 13). 
Furthermore, the pKn values are less affected by 
an increase in ionic strength than the pKi values. 
These findings indicate that the electrostatic inter- 
action between the two thiol groups may be weak, 
if there is any. If this is the case, we have for the 
titration constants Ca=^a=/i^d and Ctt—Kti^Kc, 
and we may set k^* and /cb* equal to the rate 
constants for the alkylation of the SH on monomer 
1 (SHi) and that on monomer 2 (SH,), respectively 
(Fig. 4). We denote the microscopic ionization 
constants of SHi and SHj by and K^, respec- 
tively, and the rate constants for SHi and SH, by 
iti and ic^. The results are summarized in Table L 

Table I shows that the thiol groups of all the 
type X Bence Jones proteins studied have a pKi 
value of 8.5-8.6 and a pK. value of 9.5-9.7. On 
the other hand, the rate constants of alkylation, 
especially the k^ values, differed from specimen to 
specimen. In addition, the values of ki were much 
smaller than the values of Variation of ionic 
strength affected the rate coctstant but did not 
significantly affect the ionization constants. - - 

The pK^ vahje of Jo-Fab(t) A^^^ clbse- to the 
pK value of type c Bence Jones pfbteiris;- " Because 
the antigenic type of the L chain of Jo-Fa!>(t) is 
jc, the pK^ value of Jo-Fab(t) niay (xnTespond to 
the pK value of the SH group on the L chain' and 
not to the pK value of the SH group- on Fd. To 
confirm this, we examined the alkylation ^ith 
chloroacetamide of a hybrid molecule formed from 
partially reduced and alkylated H chains and 



TABLE I. The pK values and true rate constants of the thiol groups of partially reduced Bence Jones proteins 
and Jo-Fab(t) determined by alkylation with chloroacetamide. 25''C. ) 



Samples 


Ionic 




pK 


JtxlO*(M-^-s-*) ^ 


strength 


pK, 


pK, 


kx 


kt 


Ta (c) 


0.20 


9.76±0.01 


18.8±0.3 


Ham (r) 


0.20 


9. 76±0.01 


18.8±0.3 


Fu W 


0.20 


8. 52 ±0.07 


9. 54±0.01 


5. 19±0. 15 


21.12±0.36 


Ni W 


0. 20 


8.57±0.11 


9.68±0. 01 


1.92±0.06 


25.06 +0. 15 


Nag W 


0.05 


8.60±0. 19 


9. 57 ±0.01 


1.91 ±0.13 


20.84±0. 35 


Nag {X) 


0. 20 


8. 50±0. 10 


9. 61 ±0.02 


5.70±0. 17 


18.50±0.41 


Nag (X) 


0. 50 


8. 45 ±0.05 


9. 55 ±0.01 


4.96±0. 12 


21.14+0.29 


Jo-Fab(t) 


0.20 


8. 51 ±0.05 


9. 76 ±0.01 


7. 21 ±0.15 


23. 16±0. 38 


N-Ac-L-Cys 


0. 20 


9.68±0.01 


13.3±0.2 
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partially reduced Ta protein (type c) (see " MATE- 
RIALS AND METHODS As shown in Fig. 6, 
the pH dependence of A^obs for the hybrid was in 
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Fig. 6. pH Dependence of the observed second-order 
rate constants for aUcylation of the thiol groups of 
partially reduced Ta protein in the hybrid molecule with 
chloroacetamide at 25°C and 0.2 ionic strength (open 
symbols). The data for partially reduced Ta protein 
are shown by closed symbols. The solid line represents 
the theoretical curve for the alkylation of the thiol 
groups of panially reduced Ta protein constructed using 
the pK value and the true rate constant listed in Table I 
(see the text). 



good agreement with the pH dependence of Jtohj 
for partially reduced Ta protein. This indicates 
that the thiol group with pK 9.76 corresponds to 
that of the L chain and that neither the interaction 
with partially reduced and alkylated H chains nor 
the interaction with partially reduced H chains 
affects the pK value of the SH group on the L chaia 
Kinetics of the Reaction with DTNB-^V/hUe the 
observed rate for the reaction of the thiol groups 
with chloroacetamide is rather slow near neutral 
pH, DTNB has a high reactivity toward thiol 
groups even near neutral pH, and we therefore 
examined the kinetics of the reaction of the thiol 
groups of partially reduced Bence Jones proteins 
with DTNB in the pH range of 7 to 9. The pH 
dependence of the observed second-order rate 
constant and the plots of /fobs vs.kob^ {H*) for type 
jc proteins are shown in Fig. 7. No difference in 
the value of ^obs was observed among the three 
specimens. The pK value determined from the 
slope of the kohs ^obs (H+) plot was found to 
be 9.7, which is in good agreement with the pK 
value determined from the reaction with chloroacet- 
amide. 

The results of the reaction of type X proteins 
with DTNB are shown in Fig. 8. Although the 
plots of koba vj. Arobs (H"^) varied from speci^n to 
specimen, their slopes were identical and* a pK 
value of 8.6 was obtained for all the type i proteins 
studied. This pK value is in good agreiemerit with 




Fig. 7. pH Dependence of /robs for the reaction of the thiol groups of panially reduced 
type « Bence Jones proteins with DTNB (A) and plots of kobs vs, kobs (H+) according to 
Eq. 1 (B). O, Ta protein; Ham protein; 3, Tas protein. The reactions were carried 
out at 25*0 and 0.15 ionic strength. 
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pH Dependence of /robs for the reaction of the thiol groups of partially reduced 
Bence Jones protein with DTNB (A) and plots of /robs vs. /robs (H'^) according 
I (B). O, Fu protein; Nag protein; 3, Tod protein. The reactions were 



carried out at 25°C and 0.15 ionic strength. 




12.0 



Fig. 9. pH Dependence of the value of Je at 298 nm for partially reduced Nag protein 
(open circles) and panially reduced and alkylated Nag protein (closed circles) at 25°C 
arid 0.2 ionic strength. 



pKi obtained from the reaction with chloroacet- 
amide. However, the rate constants of the reac- 
tion with DTNB were different depending on the 
specimen. 

Spectrophotometric Titration of Thiol Groups — 
We compared the alkaline difference spectra of 
partially reduced Nag protein (type X) with those 
of partially reduced and alkylated Nag protein. 
These difference spectra had peaks at 298 and 



245 nm. The spectrum obtained by subtracting 
the difference spectrum of p)artial]y reduced and 
alkylated Nag protein from that of partially reduced 
Nag protein at the same pH had a peak only at 
238 nm with no peak at around 298 mn (not shown). 
As shown in Fig. 9, the pH dependence curves of 
the difference in the molar extinction coefficient at 
298 nm (^fiW for the reduced protein and reduced 
and alkylated protein were identical, and could be 
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12.0 



Fig. 10. pH Dependence of the value of at 238 nm for partially reduced Nag protein 
(open circles) and partially reduced and alkylated Nag protein (closed circles) at 25°C and 
0.2 ionic strength. 



explained by the ionization of the tyrosyl residues 
only. On the other hand, the values of Js^m for 
the protein with free thiol groups were larger than 
those for the alkylated protein (Fig. 10). This 
indicates that the ionization of both tyrosyl and 
thiol groups contributes to the change in the 
absorption at 238 nml 

We calculated the difference in the values of 
J 6233 by subtracting! the value for the alkylated 
protein from that for the protein with free thiol 
groups at the same pH, and obtained the titration 
curve of the thiol groups of partially reduced Nag 
protein (Fig. 11). The solid line in Fig. 11 is the 
theoretical curve calculated by assuming that the 
two thiol groups have pK values of 8.50 and 9.61, 
that the ionization of the thiol groups is not affected 
by the mean net charge of the protein molecule, and 
that the change in the molar extinction coefficient 
for the ionization of one thiol group is 4,600 m~^- 
cm~^ (14), The second assumption was supported 
by the following findings. The titration data for 
the thiol groups of Ta protein obtained from the 
alkylation reaction (Fig. 2A) were analyzed accord- 
ing to the Linderstrom-Lang equation (75), 

pH - log ^pKint - 0.868a>Z ( 5 ) 
1 — a 

where a is the degree of ionization of the thiol 
groups of Ta protein determined from the pH 
dependence of the observed rate constant (Fig. 2A), 
pKint is the negative logarithm of the intrinsic 
dissociation constant of the thiol group, and 
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7.0 aO 9.0 10.0 ' " IJJD^ 

PH . 

Fig. 11. pH Dependence of the difference in the values 
of J£js8 (^(^^ssa)) between partially reduced Nag 
protein and partially reduced and alkylated Nag protein. 
The broken line indicates the difference in the value of 
ds^za obtained by subtracting the solid line for the 
reduced and alkylated protein from that for the reduced 
protein shown in Fig. 10, and circles indicate the dif- 
ference in the value of ^£^8 obtained by directly 
comparing the de^s value for the reduced protein with 
that for the reduced and alkylated protein at the same 
pH. The solid line indicates the theoretical cuve (see 
the text). 

O.S6Sq}Z is a term correcting for any electrostatic 
interaction between protons and the protein mole- 
cule of mean net charge Z The values of Z were 
obtained by acid-base titration by Azuma et aL 
(16). From a plot according to Eq. 5 (Fig. 12), it 
was found that the pKiht value is 9.76 and w is 
zero. This means that the ionization of the thiol 
groups of Ta protein is scarcely affected by the 
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fig. 1 2. Plot of the alkylation data for partially reduced 
f3 protein according to Eq. 5. The degrees of ioniza- 
tion (a) of ^^^^ groups were calculated from the 
pH dependence of the observed rate constant shown in 
Fig- 2A. 




20 30 
TIME (min) 

Fig. 13. Kinetics of the formation of interchain disul- 
fide bonds from partially reduced Nag protein (open 
symbols) and J<>-Fab(i) (closed symbols) in the presence 
of 1 mM GSSG at pH 8.0, 25°C and 0.2 ionic strength. 
The extent of interchain disulfide bond formation was 
detemuned by SDS-polyacrylamide gel electrophoresis. 

change in the mean net charge of the protein 
molecule. 

The agreement between the experimental and 
theoretical values (Fig. 11) confirms the pK values 
obtained by analysis of the alkylation kinetics 
(Table I). The titration curve shown in Fig. 11 
could not be explained by assuming a single pK 
value. 

Formation of the Interchain Disulfide Bond in 
the Presence of C55G— Figure 13 shows the kinetics 
of formation of interchain disulfide bonds from 
partially reduced Nag protein and Jo-Fab(t) in the 
presence of 1 mM GSSG at pH 8.0. The formation 
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Fig. 14. Effect of pH on the formation of interchain 
disulfide bonds from partially reduced type X Bence 
Jones proteins and Jo-Fab(t) m %e presence of 1 mM 
GSSG at ly'C and 0,2 ionic strength. - The. partially 
reduced proteins were allowed to'^pa^ ^th GSSG for 
24 h (Nag protein and Jo-Fab(t)) or 72 h (Ni protein). 
After the reaction, the ext'cnrof fornoatiott bf mterchain 
disulfide bonds was determined by SDS-polyaaylamide 
gel electrophoresis. A: The cjrtcnt ^ of - 'interchain 
disulfide bond formation (•) and remaining free thiol 
groups (O) for Nag protein. Free thiol grpups were 
titrated with DTNB after exclusion of glutathione by 
dialysis. The solid line represents the theoretical curve 
for the extent of interchain disulfide bond formation as 
calculated using Eq. 6. B: The extent of interchain 
disulfide bond formation from partially reduced Ni 
protein (O) and Jo-Fab(t) (•). The solid and broken 
lines represent the theoretical curves for disulfide bond 
formation from partially reduced Ni protem and 
Jo-Fab(t), respectively, as calculated using Eq. 6 (see 
the text). 

of the interchain disulfide bond of Jo-Fab(t) was 
more rapid than that of Nag protein and was 
complete. The formation of the interchain disul- 
fide bond of Nag protein was not complete, and 
the extent of dimer formation was about 75%. 
A lag phase was observed in the early stage of the 
diisulfide formation of Nag protein, but iiot in the 
case of Jo-Fab(t). 

Figure 14 shows the* effect of pH on- the 
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reformation of the inter L-L disulfide bond from 
partially reduced Nag protein (A) and Ni protein 
(B). The yields of the dimers were determined 
after incubation with 1 mM GSSG at 25X for 24 h 
for Nag protein and 72 h for Ni protein. The 
yield of the dimers for Nag protein was constant 
(75%) between pH 6.5 and 8.0 and decreased out- 
side this pH range. Thiol groups were still titrat- 
able for Nag protein incubated for 24 h below 
pH6.5. Therefore, the decrease in the yield of 
dimers for Nag protein below pH 6.5 can be 
explained in terms of the low rate of thiol-disulfide 
interchange reactions between thiol groups of Nag 
protein and GSSG and between free thiol groups 
and mixed disulfide on Nag protein. A decrease 
in the yield of dimers in the acidic pH region was 
not observed for Ni protein after incubation for 
72 h. No change with pH in the reformation of 
the inter L-Fd disulfide bond from partially reduced 
Jo-Fab(t) was observed (Fig. 14B) and the yield 
was nearly 100% between pH 6 and 10. 

DISCUSSION 

Ionization Behavior of the Thiol Groups of 
Partially Reduced Bence Jones Proteins and Fab( t) 
— The cysteinyl residue of type k Bence Jones 
proteins and human immunoglobulins, which par- 
ticipates in the formation of the interchain disulfide 
bond, occurs at the carboxyl terminus and is pre- 
ceded by a glutamyl residue. Therefore, the 
ionization of the thiol group may be affected by 
the negative charges on the a- and ;'-carboxyl 
groups, and its pK is expected to be higher than 
that of thiol groups in the absence of neighboring 
substituent groups carrying negative charges. 
Indeed, the pK value of the thiol groups of type 
K Bence Jones proteins was found to be 9.76, which 
is about 1 pH unit higher than that of glycyl-L- 
cysteinylglycine (77) and is only slightly higher 
than that of N-acetyl-L-cysteine (Table 1). As 
described in " RESULTS, " partially reduced Bence 
Jones proteins used in the present work are present 
as the dimeric form due to noncovalent interactions 
and contain two thiol groups per dimer unit. 
However, no differences were detected in the pK 
values and reactivities of the thiol groups of type 
c Bence Jones proteins when they were examined 
in terms of the reactions with chloroacetamide and 
DTNB. This indicates that the ionizations of the 



two thiol groups are equivalent and independent 
The ionization behavior of the two thiol 
groups of type X Bence Jones i^oteins is diffemn 
from that for type r proteins. The results of the 
reaaions with chloroacetamide and DTNB and of 
spectrophotometric titration of the thiol groups 
show that the two thiol groups of type ^ Bemre 
Jones proteins have different pK values (8.5-S.6 
and 9.5-9.7). The results of the alkyladon reac* 
tions with chloroacetamide of partially reduced 
Nag protein at various ionic strengths suggest that 
the two thiol groups of type 2 proteins do not 
interact with each other and thai the pK values axe 
intrinsically different. The two thiol groups\,oJ 
Jo-Fab(t) also have different pK values (8.51 and 
9.76). The pK value of the thiol group of Ta 
protein (type r) was determined to be 9.76 when 
it combines either with the other partially reduced 
L chain or with reduced and alkylated H chains. 
This indicates that the thiol group with a pK value 
of 8.51 corresponds to the thiol groups on F<t ^^ 
that the thiol group on the L chain and that on thej^ 
Fd fragment do not interact with each other andU 
that the pK values of these groups are intrinsicaOylS 
different. "n, ~: - 

X-ray crystallographic results for a type 
Bence Jones protein (Mpg) (IS) show that the two^-Iv 
monomers in the Meg dimer are asynmietric and 
the spatial arrangement of Vl and Cl domains in 
one of the monomers is not identical to that of the 
domains in the other. Segal et at. (19) showed > 
that the spatial arrangement of Vh and ChI domains 
in an Fab fragment is similar to that of Vl and 
Cl domains of one of the monomers (monomer I) 
in Meg protein and the arrangement of Vl and Cl' 
domains in the fragment is similar to that of Vl 
and Cl domains of the other monomer (monomer 
2) in Meg protein. On the basis of these X-ray 
crystallographic results and the finding that the pK 
values of the thiol groups of partially reduced type 
X Bence Jones proteins are very similar to those for 
partially reduced Jo-Fab(t), we may conclude that 
the thiol group of monomer 1 ionizes with pK= 
8.5-8.6 and that of monomer 2 with /;A'=9.5-9.7. 
It is likely that the microenviromnents around the 
two thiol groups are different due to different 
spatial arrangements of the monomers and thus 
affect their ionization behavior differently. 

As described above, the ionization behavior of 
the two thiol groups of partially reduced type c 
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Jones proteins was different from that for 
^ ^ proteins and Jo-Fab(t), as examined in terms 
(\hc reaction with chloroacetamide. This sug- 
ts that the environments around the thiol groups 
^cvpe f proteins differ from those of type X 
oteins or Fab(t). No information is available on 
three-dimensional structure of type « Bence 

jon«s proteins. 

Reactivities of the Thiol G ro tips— Undlty (17) 
studied the alkylation reactions of several simple 
ihiol compounds such as glycyl-L-cysteinylglycine, 
gjycyl-L-cysteine, and cysteinyl-L-asp^gine and 
found that the true rate constants (k) for these 
-ompounds are in the range of 0.26 to 0.32 m'^-s"^ 
at 0.1 ionic strength and at 30*C. The value of 
jf for N-acetyl-L-cysteine determined in the present 
study was 0.133 m'^-s-^ at 0.2 ionic strength and 
at 15°C. The thiol groups of type c Bence Jones 
proteins have a lvalue of 0.188 m'^-s'^ at 0.2 
ionic strength and at 25°C and are as reactive as 
those of these simple compounds. 

The two thiol groups of type X Bence Jones 
proteins have different reactivities toward chloro- 
acetamide. The values of kl were in the range of 
0.18 to 0.25m-*'S-* at 0.2 ionic strength and at 
25°C, which are of the same order of magnitude as 
those obtained for simple thiol compounds and 
type K Bence Jones proteins. On the other hand, 
the values of were small (0.02-0.05 m'^-s**) and 
varied from specimen to specimen with no signifi- 
cant change of the pK^ value.' The variation of 
the rate constant depending on the specimen was 
more apparent in the reaction with DTNB. As 
shown in Fig. 7, the pK values obtained from the 
slopes of the Arobs vs. /fobs (H+) plots were all the 
same, but the rate constants obtained from the 
intercepts on the ordinate were different depending 
on the specimen. The reaction of thiol groups 
with chloroacetamide proceeds by nucleophilic 
attack of the thiolate anion on the a-carbon atom 
of the reagent. In this type of reaction, the ioni- 
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zation constant of the thiol (group is a measure of 
the nucleophilicity. and the thiol group with a 
higher pK value may react with a higher rate con- 
stant (21). Thus, it may not be surprising that 
the reactivities of the thiol groups with pKi are 
lower than those of the thiol groups with pK^. 
However, the finding that the values of ki change 
depending on the specimen with no significant 
change in pKi cannot be explained only by the 
correlation between pK and reactivity. Steric 
hindrance must play an important role in the 
reactivity of thiol groups toward chloroacetamide 
or DTNB, but not toward protons. In the case 
of Jo-Fab(t), Tci was smaller thanX,, and the thiol 
groups of Jo-Fab(t) are similar to those of type X 
Bence Jones proteins not only in pK values but 
also in reactivity toward chloroacetamide. 

Formation of the Interchain Disulfide Bond — 
Kishida et al. (5) proposed the following scheme 
to explain the kinetic pattern of interchain disul- 
fide bond formation from partially reduced Bence 
Jones proteins in the presence of GSSG. In this 



- The observed rate constant is expressed as the sum of 
the observed rate constants for SHi and SH,, kohs— 
k\, obs +^2. obs. The reaction determined experimentally 
apparently followed first-order kinetics (Fig. IB). This 
means that Jti.obs, which is the product of ki and the 
ionization degree of SH^, and Ara.obs, which is the product 
of kt and the ionization degree of SH,. are not different 
by more than several-fold (20). 




CC) (E) 

scheme, they assumed that the dimer of a Bence 
Jones protein consists of two distinct monomers 
which are designated as monomer 1 and monomer 
2, that the reactivities of the two thiol groups in 
partially reduced Bence Jones protein (A) are 
different from each other and that two kinds of 
intermediate, B, in which the SH group on mono- 
mer 1 is blocked with GSSG, and C, in which the 
SH group on monomer 2 is blocked with GSSG, 
are formed during the reaction. They also assumed 
that only intermediate B can form a dimer with an 
inter-monomer disulfide bond (D), while inter- 
mediate C cannot. Our present study verified the 
assumption that the reactivities of the two thiol 
groups of partially reduced type X Bence Jones 
proteins and Jo-Fab(t) are different from each 
other, and showed that the ionization and reac- 
tivity with chloroacetamide differ between the SH 
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on monomer I and the SH on monomer 2 in type 
X Bence Jones proteins and between the SH on L 
chain and the SH on Fd in Jo-Fab(t). 

In the thiol-disulfide interchange reaction, 
the thiolate anion attacks a sulfur atom of the 
disulfide bond as a nucieophile. It is, therefore, 
analogous to the sUkylation of a thiol group 
with chloroacetamide. Thus, the observed rate in 
each process in the above scheme depends not 
only on the nucieophiJicity but also on the degree 
of ionization of the thiol groups in the various 
species. According to the above scheme, the rela- 
tive amount of the final products, D and E, is 
determined by the relative rates of the processes, 
A— »B and A— ^C, because the reaction is of com- 
petitive type. The ratio of the amounts of the 
final products, (D)/(E), can thus be determined by 
the ratio, /:a— b/A:a— c, where /ca— 8 and kx-^ are 
the observed rate constants of the reactions A-^B 
and A— ^C. 

The observed rate constant is the product of 
the degree of ionization and the true rate constant. 
Although we have no data on the true rate con- 
stants for the reaction with bSSG, we can instead 
use the true rate constants for the alkylation 
reaction with chloroacetamide obtained in the 
present experiments, because our primary interest 
is to obtain the relative amoimt of the final prod- 
ucts, D and E. Thus the ratio (D)/(E) of the final 
products may be expressed as 



(D) 
(E) 



(6) 



where ai and are the degrees of ionization at 
a given pH of the thiol group on monomer 1 and 
that for monomer 2, respectively, in species A. 

Using Eq. 6 and the values of pKu pK^, Jti, 
and shown in Table I, we can estimate the extent 
of formation of interchain disulfide bonds from 
partially reduced type X Brace Jones proteins at 
pH 8.0. The results are shown in Table n. The 
calculations fit the experimental data satisfactorily. 
This indicates that the variation in the yield of the 
disulfide-bonded dimer for type i Bence Jones 
proteins among different specimens and with a 
change in ionic strength can be explained in terms 
of the variation of both pK values and the true 
rate constants of the two thiol groups. We can 
also estimate the yield of the disulfide-bonded 



TABLE II. The extent of interchain disulfide bond 
formation from partially reduced type X Bence Jones 
proteins and Jo-Fab(i) in the presence of 1 mn GSSG 
at pHS.O and 25°C. The calculated values were 
obtained using Eq. 6 (see the text). 



Proteins 


Ionic 
strength 


S-S bond formation (%)"f 


Obsd. 


Calcd^/J 


Fu 


0.20 


83 




Ni 


0.20 


45 




Nag 


0.05 


45 




Nag 


0.20 


72 




Nag 


0.50 


70 




Jo-Fab(t) 


0.20 


97 


82 .1 



dimer at various pH value using Eq. 6. The theo- 
retical curve for Nag protein and Ni protein (Figs, 
14 A and B) are in good agreement with the experi- 
mental data. These facts indicate that the fojpQ^' 
tion of interchain disulfide bonds from partian:^ 
reduced type i;B^ce Jones protein in the pr 
of GSSG proceeds according to the scheme:£pf^ 
posed by Kishida el ah (5) and that the radQ gog 
the yield of D formed through route A-r^B— 
that of £ formed through route A— »0-»E is det^Esr^ 
mined by the diffSo^nt pK values and reactivides^ 
of the thiol group on monomer 1 and that isst 
monomer 2. et 
As shown in Fig. 14B, the yields of disulfide^ 
bonded-Fab(t) from partially reduced Jo-Fab(t) 
were independent of pH and were nearly 100%. 
This implies that the product corresponding to R 
is not formed and the intermediates, B and C, both, 
give the product D at any pH value. The theo; 
retical curve constructed using Eq. 6 is different 
from the experimental data. Since the pK values 
and the true rate constants of the thiol groups of 
Jo-Fab(t) are similar to those for type X Bence 
Jones proteins, the two intermediates, B and C» 
should also be formed from partially reduced 
Jo-Fab(t) with rates and ratios similar To" those for 
Nag protein. However, as shown in Fig. 13, the 
formation . of the disulfide bond for Jo-Fab(t) 
proceeds more rapidly than for Nag protein, 
without a lag phase. This indicates that the rate 
of intramolecular thiol-disulfide interchange is 
greater for Fab(t) than, for Nag protein and the 
processes leading to the formation of the inter- 
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SH 

j^iates represent rate-limiting steps in the reac- 
tion ofFab(t). 

In general, the rate of the intramolecular 
.^jl^isulfide interchange reaction is much faster 
'hln that of intermolecular reaction owing to the 
'roximity effect (22). However, as reported by 
KUhida et al, (5)» the first-order rate constant of 
itve intramolecular process (B— D) for Nag protein 
- of an order of magnitude similar to the pseudo 
first-order rate constants of the intermolecular 
processes in the presence of 1 mM GSSG. The 
^ow rate of the intramolecular thiol-disulfide 
interchange reaction may be one of the reasons for 
ihe production of two kinds of final products, D 
and E, from partially reduced type 1 Bence Jones 
proteins in the presence of GSSG. We cannot 
explain why the rate of the intramolecular reaction 
is slow for type X Bence Jones proteins. However, 
it is likely that the distance between the two thiol 
groups is not suitable for effective formation of 
the disulfide bond. The steric factors around the 
thiol groups may also explain the different behavior 
in the formation of interchain disulfide bonds of 
type X Bence Jones proteins and Fab(t). 

As reported by Kishida et aL (5), no interchain 
disulfide bond is formed from partially reduced 
type < Bence Jones proteins in the presence of 
GSSG. Our present work shows that the .two 
thiol groups of type jc Bence Jones proteins have 
the same pK values and reactivities toward chloro- 
acetamide. Judging from their high pK values, 
the rate of thiol-disulfide interchange reaction at 
neutral pH is expected to be slow, but complete 
absence of formation of interchain disulfide bonds 
from partially reduced type c proteins at any pH 
cannot be explained in terms of their high pK 
values and reactivities. The distance between the 
two thiol groups may be so great that no disulfide 
bond is formed. 

We thank Dr. T. Isobe, Kobe University School of 
Medicine, for generous supplies of the serum of patient 
Jo, and Prof. S. Migita, Kanazawa University, Prof. Y. 
Sameshima, Kansai Medical School, and Dr. E. Inada, 
Osaka Police Hospital, for supplies of Bence Jones 
proteins. 
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REDUCED IMMUNOGLOBULIN G ACTIVATES COMPLEr^ErJT SYSTEM WITH 
DECREASED COOPERATIVITY 
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Received May 22,1978 

Suinmary ; Sheep erythrocytes sensitized with intact antibody or 
reduced and alkylated antibody were lysed by guinea-pig serum 
indicating that* reduced and alkylated antibody bound and acti- 
vated complement. Reduction of antibody caused erythrocyte lysis 
to exhibit pseudo-first-order kinetics, while the lysis kinetics 
of erythrocytes sensitized with intact antibody was sigmoidal. 
Analysis of erythrocyte lysis by complement according to the von 
Krogh equation shov/ed that reduction of antibody diminished the 
von Krogh exponent n from 2.8 to 1.3, while the value of K re- 
mained unchanged at 0.17 (complement dilution). These observa- 
tions suggested that the sole effect of the reduction of antibody 
inter-heavy-chain and heavy-light chain disulfide bonds was to 
diminish the cooperativity of antibody-complement interaction. 



INTRODUCTION 

The role played by the inter-heavy-chain disulfide bond of 
antibody in the binding and activation of complement 
figures prominently in two aspects of immunoglobin structure, 
(i) The disulfide bridge may be required to facilitate the trans- 
mission of a conformational change from the antigen binding sites 
to a distant location where the first complement component CI 
would thereafter be bound and activated, (ii) The disulfide 
bridge may participate in or maintain the structure of a binding 
site for this complement component. 

The various reports of the effect of the reduction of the 
inter-heavy-chain disulfide bridges in immunoglobulin G and its 
proteolytic fragments have been contradictory (1-6) . The present 



0O06-291X/78/083A-128A$0I.O0/0 

Copyright © 1978 by Academic Press, Inc. 
All rights of reproduction in any form reserved. 



PHYSICAL RESEARCH COMMUIsflc 

Pages 



:s coMPLEfiErrr system 



^physical Chcnistry^ Bl 
asel, Switzerland 



d with intact antibody\J 
ysed by guinea-pig sena 
* antibody bound and ac 
)dy caused erythrocyte Iji 
s, while the lysis kinet 
t antibody was sigmoidal,' 
lement according to the 
of antibody diminished 
while the value of K i 
dilution) • These observe 
of the reduction of ant 
lin disulfide bonds was^ 
'.y-complement interactfc 



^ i 1978 BIOCHEAAICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

83. * 



j^sus would appear to favor the interpretation that in the 
inanunoglobulin the integrity of said disulfide bonds was 



j.spensable in the antibody-complenent interaction. However, 

studies demonstrated that antigen did not function as 

gllosteric effector in evoking antigen-mediated responses. 

^ structure of the hinge peptide was unaffected by antigen 

^<na (7) # and ligands binding exclusively in the F . or P 

ao c 

^»ons were bound independently of one another (8), underscoring 
^ absence of specific interactions between these regions. The 
r--ction of antigen may merely be the organization of antibody 
...0 a multivalent array (cf. 9-10). Since the role of inter- 
rrfivy-chain disulfide bridges in such an aggregative model was 

obvious, the effect of the reduction of antibody on comple- 
ct fixation in the classical fixation assay was re-examined. 
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The immunoglobulin G fraction of rabbit anti-sheep red blood 
^11 antiserum (BBL) was purified by ammonium sulfate precipi- 
•jtlon and chromatography on DEAE Sephadex and Sepharose 6B-CL. 
i portion of the antibody was reduced: Antibody in 10 mM tris 
^.vdroxymethyl) aminomethane buffer pH 7.4 containing 0Tl5 M NaCl 
«3S reduced for 2 h at 30^ in the presence of 10 mM dithioerythri- 
:ol. The reduction was halted by the addition of iodoacetamide 
to a final concentration of 20 mM. The solution was dialyzed 
Tvemight. The reduction was repeated a second time to eliminate 
traces of unreduced antibody. As a control, intact antibody was 
ilso treated with iodoacetamide. Preparations of intact and re- 
iuced and alkylated antibody were examined by gel electrophoresis 
ai) and in the ultracentrifuge. Complement fixation was measured 
5y a slight modification of the classical technique (12) . Sheep 
•rythrocytes (bioMerieux) were sensitized by addition of antibody 
to suspensions of erythrocytes followed by incubation for 20 min. 
It 30^ with shaking. The final concentrations of erythrocytes and 
Mtibody were 5 x 10^ cells/ml and 0.5 pM respectively. Comple- 
aent fixation tests were conducted as follows, 1 ml suspensions 

sensitized erythrocytes (10 ^cells/ml) in stoppered plastic 
Vibes were shaken in a water bath at 25 . At appropriate times 
5.50 ml of diluted guinea-pig serum kept in ice was added. 
At the end of the incubation period, all tubes were rapidly 
»oled in ice and centrifuged. The absorbance of the supema- 
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tant was read at 413 nm. When the dependence of lysis on comple- 
ment concentration was studied, aliquots of sensitized erythro- 
cytes were added to complement dilutions held in ice* The samples 
were then immediately transferred to the 25° water bath. Controls 
for complement absorbance and spontaneous erythrocyte lysis were 
included. Erythrocytes treated with nonimmune rabbit serum were 
employed as controls. Guinea-pig complement (BBL) was always ab- 
sorbed with packed, unsensitized erythrocytes before use. All dl* 
lutions of guinea-pig serum cited refer to the final dilution 
in the test solution. 



RESULTS 

Electrophoretic analysis of reduced and alkylated antibody 
disclosed that the two reductions necessary to eliminate all 
traces of intact immunoglobulin had led to the reduction of 
both inter-heavy-chain and heavy-light-chain disulfide bridges. 
Ultracentrifugal analysis confirmed that the antibody remained 
undissociated under experimental conditions (s = 6,6xl0"^^s 

4b (J , W 

at 20° and 0.3 yM antibody). 

Sheep erythrocytes sensitized with reduced and alkylated 
antibody were lysed by guinea-pig complement but with altered 
kinetics (Fig, 1). The time course for erythrocytes sensitized 
with reduced and alkylated antibody followed a simple pseudo- 
first-order rate law as evidenced by the linear semi logarithmic 
plot of Intact erythrocytes remaining vs. time (Fig. 1). 

The dependence of the degree of lysis (y) on the dilution of 
complement (c) has been traditionally analyzed, by the von Krogh 
equation (cf. 13): 

~ ^ c + n log K 

where is the degree of lysis at a dilution c of complement. 
The constants n and K are discussed below. 

Erythrocytes sensitized with intact or reduced and alkylated 
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1: Effect of antibody disulfide bond reduction on ery- 
TCjScvte lysis kinetics. Sheep erythrocytes were sensitized 
jTth intact or reduced and alkylated antibody. Erythrocytes 
(6 6 X 10 cells/ml) were treated with guinea-pig complement 
ii'/SO dilution) for the indicated times at 25 . The lysis of 
^-^throcytes sensitized with reduced and alkylated antibody 
^ followed pseudo-first-order kinetics , while the lysis of 
erythrocytes sensitized with intact antibody (•) was sigmoidal, 

antibody were lysed with different dependences on complement 
dilution (Fig. 2). The values of n corresponding to the slope 
oi the logarithmic plot were 2.8 for intact antibody and 1.3 
for reduced and alkylated antibody. Contrastingly, the values 
for K were identical in both instances and corresponded to a 
17% final dilution of complement. 



dilution c of complement 
below. 

or reduced and alkylated^ 



JISCPSSION 

The experimental observations presented here can be summa- 
rized in two points: (i) reduced and alkylated immunoglobulin 
Z bound and activated complement and (ii) the interaction of 
reduced and alkylated antibody with complement was slightly 
ar not at all cooperative (see below) . The implication of the 
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Fig* 2 : Effect of antibody disulfide bond reduction on the 
dependence of lysis on complement concentration. Sensitized 
erythrocytes (6.6 x 10 cells/ml) were incubated with various 
dilutions of complement for 60 min. at 25°. Lysis data were 
analyzed according to the von Krogh plot (see text): log(y/l - y 
vs. log (GPC) , where y is the fraction of cells lysed by the 
given dilution of guinea-pig^complement (GPC) (log (GPC) = 0 
corresponds to undiluted serum. The values of n in the von 
Krogh equation obtained from least-squares fits to the data 
were 2.8 for intact antibody (•) and 1.3 for reduced and al)cy- 
lated antibody (O) . The values of K obtained from the intercepts 
were identical corresponding to a 17% final dilution of guinea- 
pig complement. 



first conclusion is that the inter-heavy-chain disulfide bonds 
served no essential function in complement (i.e. CI, the first 
complement component) binding or activation. 
The von Krogh equation in the form 



resembles a Hill equation (14, 15). Here n is a )cinetic Hill 
coefficient describing the cooperativity of the system and K 
is a binding constant under steady-state conditions (cf. the 
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Michaelis constant, K^) . The effect of reduction of antibody 
disulfide bonds was to diminish the value of n from 2,8 to 1.3 
under the described conditions. The loss of cooperativity in the 
interaction between antibody and complement was reflected in the 
value of n near unity (Fig. 2) and the simplification of the 
lysis kinetics (Fig. 1). The entire effect of disulfide bond 
reduction resided in this diminished cooperativity, since the 
value of K was unaltered by reduction (Fig. 2) . This observation 
suggested that the fundamental binding interaction between anti- 
body and CI remained unaltered. The reduction had a profound 
effect on the lysis kinetics. This kinetic aspect must be con- 
sidered in the evaluation of all hemolytic tests, where the 
apparent cooperativity of the antibody -complement interaction 
may be changed. 
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Summary 

Humanized IgGl M195 (HuGl-M195). a complementarity detennining region-grafted recombinant 
monoclonal antibody, is reactive with CD33. an antigen expressed on myelogenous leukemia 
cells. M195 is in use in trials for the therapy of acute myelogenous leukemia. Since biological 
activity of IgG may depend, in part, on multimeric Fab and Fc clustering, homodimeric forms 
of HuGl-M195 were constructed by introducing a mutation in the 7I chain CH3 region gene 
to change a serine to a cysteine, allowing interchain disulfide bond formation at the COOH 
terminal of the IgG. Despite similar avidity, the homodimeric IgG showed a dramatic improvement 
in the ability to internalize and retain radioisotope in target leukemia cells. Moreover, homodimers 
were 100-fold more potent at complement-mediated leukemia cell killing and antibody-dependent 
cellular cytotoxicity using human effectors. Therefore, genetically engineered multimeric constructs 
of IgG may have advantages relative to those forms that are found naturally. 



CDR-grafted humanized mAbs have been constructed to 
improve immunological effector functions and reduce 
immunogenicity (1-5). The production of a CDR-grafted. 
humanized IgGl construa (HuGl-M195) of the mouse M195 
antibody, an anti-CD33 mAb that is specifically reactive with 
acute myelogenous leukemia (AML) cells and early myeloid 
progenitors, but not hematopoietic stem cells, has been de- 
scribed (6-9). M195 is currently being evaluated in the therapy 
of AML (10, 11). HuGl-M195 retains specificity of binding, 
the capability of internalization into HL60 leukemia cells, 
and the ability to fix human complement (7). In addition, 
HuGl-M195 shows superiority over its murine counterpart 
in its higher avidity and new ability to perform antibody- 
dependent cellular cytotoxicity (ADCC) with human effector 
cells against acute myelogenous leukemia cells (7). 

The biological activities of IgG depend, in part, on the 
ability to crosslink antigen on the cell surface and to bind 
complement or Fc receptors on effector cells via multivalent 
interactions. Recently, the genetic engineering of a chimeric 
IgG reactive with a hapten to form a mutant Ig linked to- 
gether as a covalent dimer, resulted in enhanced complement 
mediated cytotoxicity (CMC) (12). In an attempt to improve 
the CMC as well as other biological and immunological prop- 
erties of the himianized M195 mAb, similar homodimers (Hd- 
IgG) were genetically designed. A mutation at the COOH 
end of the CH3 domain of the 7I H chain was introduced 
in HuGl-M195 that results in enhanced CMC, and also a 
dramatic improvement in the ability to perform ADCC against 



leukemic target cells. In addition, the Hd-IgG shows more 
rapid modulation with markedly improved retention of tar- 
geted radioisotope within the target cells. These Hd-IgG may 
have therapeutic applications. 



Materials and Methods 

Construction of Homodimeric IgG (Hd-IgG). The construction 
of vectors to express humanized M195 L and H chains has been 
described (6). For expression of Hd-IgG, the H chain expression 
vector was mutagenized by changing the codon TCT to TGT which 
resulted in converting amino acid at position 444 of H chain from 
Ser to Cys (Fig. 1 A), The cys allows interchain disulfide bond for- 
mation which allows expression of Hd-IgG (Fig. 1 B). To allow 
formation of Hd-IgG, 87 mg of mAb was purged fi-om culture 
supernatant and concentrated to 10 mg/ml in 0.1 M Iris, pH 8.6. 
4 mg of Ellman's reagent (Pierce Chemical Co., Rockford, IL) was 
added and incubated at room temperature for 1 h to crosslink and 
then block the excess sulfhydryl sites. The sample was adjusted to 
2.5 M NaCl and loaded onto a 50-ml phenyl-Sepharose column 
equilibrated with 2.5 M NaCl. Monomer antibody was eluted off 
the column in PBS. Crosslinked material (Hd-IgG) were eluted 
in 50% propylene glycol in water. SDS-PAGE analysis showed the 
dimers to be 907o pure. 

Cell Surface Modulation, 5 x W HL60 cells were incubated 
at 37°C with 2 Mg/ml of HuGl-M195 or Hd-IgG, and aliquots 
were taken at 0. 60, 150, and 300 min. The cells were washed twice 
in RPMI and pelleted at 500^, and 50 /d of goat anti-human fluores- 
cein conjugate was added for 30 min, followed by washing twice. 
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Figure 1. (A) Sequence at the site of tbe muution of the constant re- 
gion of the plasmid allowing interchain disulfide bond formation. (B) Di- 
agram of homodimeric-HuGl-M195 (Hd-IgG). 



and fixing in 0.5% parafonnaldehyde before analysis. Ten thou- 
sand cells were analyzed on an Epics profile flow cytometer (Covdter 
Electronics Inc., Hialeah, FL). and the mean fluorescent intensity 
was measured. Hematopoietic cell lines were grown in RPMI 
1640/5% newborn calf serum/10% senmi-plus (Hazleton Biologies, 
Inc., Lenexa, KS). 

Internalization Studies. HuGl-M195 or Hd-IgG were labeled 
with Na-*^I (New England Nuclear, Boston, MA) as described 
previously (8). IntemaUzation of the HuGl-M195 or Hd-IgG was 
measured from 0 to 48 h by incubating 0.01-2 /ig/ml of radiola- 
beled mAb with 1-2 X 10* HL60 cells/ml in RPMI 1640/2% 
human Ab serum. Cells were then washed twice in RPMI, and 
the surface-bound M195 was stripped with 1 ml of 50 mM gly- 
cine/150 mM NaCl, pH 2.8 at 24*'C for 10 min. The amount (ng) 
of mAb per million cells remaining after the add wash (i.e., inter- 
nalized), or in the supernatant {i.e., cell surface) is shown. 

CMC. For CMC ass^ 25 /il of 5 x 10* HL60 cells/ml were 
incubated with 25 fxl of diluted rabbit complement and 25 /xl of 
serial dUutions of HuGl-M195 or Hd-IgG at 37*»C for 1 h. mAb 
M31 (IgM anti-CD15) was used as a positive control. Live and dead 
cells were enumerated using trypan blue. Low toxicity rabbit serum 
was purchased from Pel- Freeze (Rogers, AR). Complement was 
used at the maximum concentrations not showing nonspecific lysis 
of the target cells, usually from 1:6 to 1:9 final dilution. 

ADCC. Chromium release assays were conducted using PBMC 
frt)m human volunteers as effector cells and HL60 cells as positive 
targets. Target cells were incubated in ^*Cr for 90 min and then 
washed of firee "Cr. HuGl-M195 or Hd-IgG was added at E/T 
ratios of 10:1, 25:1, and 100:1. Cells were incubated at 37°C for 
5 h and harvested using a cell harvester (Skatron, Inc., Sterling, 
VA), and released *'Cr was counted in a gamma counter (Ibckard 
Instrument Co., Downers Grove, IL). Detergent-lysed cells were 
used as a 100% control. Effector cell only and mAb only treated 
target cells were used as negative controls. Samples were done in 
quadruplicate, and SD were always <10% of the mean value. S^^pcific 
lysis = A - C/B - C; where: A = cpm release in the presence 
of mAb; B = total cpm released by detergent lysed cells; and 
C = cpm released in the presence of medium alone. 



Results and Discussion 

The ability of Hd-IgG to bind to CD33 expressing HL60 
ceUs was detennined by radiobinding assays in the presence 
of excess HL60 cells, as described previously (8). Total im- 
munoreactivity (the fr^on of the total radiolabeled Ig capable 
of binding to antigen) of Hd-IgG nearly doubled to 85% 
as compared with 50% for the HuGl in these assays. The 
increased inununoreactivity may relate to the presence of mul- 
tiple binding sites that were less likely to be inactivated by 
radiolabeling. EHrea radioinmiunoassay showed that binding 
of both constructs to HL60 ceUs was saturable and specific 
Scatchard analysis of HuGl-M195 showed a slightly lower 
avidity of bining (K, = 4.4 x lO'^ M"^) than that of Hd- 
IgG (/Ca - 6.1 X 109 M-i). 

Since direct radiobinding can be affected by damage to the 
mAb generated during the radioiodination of the Ig, the rel- 
ative avidiries of the HuGl-M195 and Hd-IgG were also com- 
pared by competition assays on HL60 cells in the presence 
of human serum to prevent nonspecific and human Fc receptor 
binding, as described previously (7). These experiments 
confirmed the Scatchard analysis that the binding avidities 
of Hd-IgG and HuGl-M195 were similar. 

Cell surface modulation with subsequent internalization 
of M195 antibody and conjugated isotope has been seen in 
vitro and in vivo in patients, and is an important aspect of 
its therapeutic effect in humans for the treatment of AML 
(10. 11). Although Hd-IgG bound to the cell surface with 
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Figure 2. (A) Indirect flow cytometric analysis comparing cell sur&ce 
modulation of HuGl-M195 (■— «) vs Hd-IgG (O— O) over 5 h. (B) 
Internalization and retention of HuGl-M195 in radiobinding experiments 
on HL60 cells at 37«C over 6 h. Cell surfcce HuGl (■- - -■); cell surface 
Hd-lgG (0---0); internalized HuGl (■—■); internalized Hd-IgG 
(O — O). Radiolabeled mAb at a Enal concentrarion of 2 fig/ml was in- 
cubated at 37°C with 10* HL60 ceUs/ml in a total volume of 200 ^1- In- 
ternalization was measured as described in the text. Each time point was 
done in duplicate, and these results are representarive of three independent 
experiments. 
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similar avidity as HuGl-M195, we speculated that the oligo- 
merization of the mAb might alter its ability to modulate. 
The kinetics of modulation were examined by indirect fluores- 
cence flow cytometry on HL60 cells. HuGl-M195 accumu- 
lated on the surface of HL60 cells to reach a peak at 1 h, 
and then slowly modulated (Rg. 2 A). By 5 h, 407o of HuGl 
remained on the cell surface. In contrast. Hd-IgG was im- 
mediately modulated from the cell surface without accumu- 
lation first, with 12% of the mAb remaining on the cell sur- 
face at 5 h. Thus, Hd-IgG modulated much faster and to 
a greater degree than HuGl-M195, apparently without re- 
quiring the threshold of binding shown by the HuGl-M195. 

The fates of the rapidly modulated Hd-IgG and HuGl- 
M195 were evaluated in the same time period, and internali- 
zation was measured by acid washing the cells at various times 
after ^^^I-mAb binding to remove residual cell surface mAb 
(Fig. 2 B). Studies done at 0*^C showed that neither HuGl- 
M195 nor Hd-IgG entered the cell. At 37*'C. the Hd-IgG 
at 2 ^g/ml rapidly entered the intracellular compartment, 
with 70% of the radiolabeled mAb being retained inside the 
cell, and 30% staying on the surface. In contrast, only 30-40% 
of the HuGl-M195 was retained inside the cell over the same 
time period with the remainder on the surface. 

An extended analysis of internalization out to 48 h showed 
persistence of the Hd-IgG within cells (Fig. 3). In contrast, 
HuGl demonstrated the same pattern of limited internaliza- 
tion as seen in Fig. 2 (not shown). Thus, the rapid modula- 
tion resulted in efficient internalization of the radiolabeled 
Hd-IgG into the cell, and. most importantly, the Hd-IgG 
was not lost from the cell over long time periods. 

Based on integration (areas under the curves) of these in- 
ternalization data, radiation doses delivered by Hd-IgG to 
the inside of the cells was more than double that of HuGl 
by 48 h. Therefore, presumably in vivo, total radiation doses 
to target cells would be twice as high for the same added 
dose and same toxicity. The differences in internaUzation ki- 
netics may be attributed to the immediate clustering of CD33 
achieved by the multivalent Hd-IgG. Such clustering may 
require time to accumulate with Hugl-M195. thus accounting 
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Figure 3. The amounts of radiolabeled Hd-IgG remaining on the sur- 
fece (■"-■) and interaaUzed (■ — ■) over 48 h. Radiolabeled Hd-IgG 
at 1 fig/m\ was incubated at 37**C with 2 x lO^ HL60 cells/ml in a final 
vohime of 200 /il, and internalization was measured as described in the 
text. Each time point was done in triplicate and SD was <10%. 



Table 1. Percertt Internalization of HuCl and Hd-lgC 

Percent internalization* 



mAb Concentration HuGl Hd-IgG 



nM 






6.70 


43 


67 


2.23 


40 


70 


0.74 


39 


64 


0.25 


41 


58 


0.08 


38 


45 



* Radiolabeled mAb at concentrations shown were incubated with 2 x 
106 HL60 cells at 37**C for 4 h in a total volume of 200 /xl. Internaliza- 
tion was measured as described in the text. Each time point was done 
in triplicate and SD was <10% of the mean. 



for the threshold effect, the delay in internalization, and the 
poor efficiency. 

To determine whether mAb concentration aflfected inter- 
nalization, HuGl and Hd-IgG at similar molar concentra- 
tions were incubated with HL60 cells for 4 h at VC, Hd-IgG 
showed greater internalization than HuGl at every concen- 
tration (Table 1). Whereas the total amount of bound radio- 
activity varied with the concentration of mAb added (not 
shown), the percentage of internalization of mAb did not 
change over the 2-log range of mAb concentrations. Thus, 
except possibly at very low concentrations, the percentage 
of either HuGl or Hd-IgG internaUzed into HL60 cells was 
not dependent on mAb dose. 

Although others (13-15) have found that crosslinked IgG 
bound to Fc receptors more avidly than monomeric Ig, our 
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Figure 4. ADCC of HuGl-Ml95 and Hd-IgG is shown as a function 
of concentration and E/T rario. Tai^t HL60 cells were incubated at 37*C 
with mAb and PBMC as effectors, and 5iCr-release was measured 5-h later 
as described in the text. Hd-IgG was 100- fold more potent (50 times on 
a weight basis) and 2-6 times more effecrive than the HuGl-M195 at 
ADCC. Hd-IgG at 0.2 ^g/ml (^): Hd-lgG at 1 Mg/ml (^); Hd-IgG 
at lO/ig/ml HuGl-M195 at 0.2 /xg/ml (3): HuGl-M195 at 1 ^g/ml 
(0); HuGl at 10 /ig/ml (Q). Results shown are from a representative 
experiment that was repeated on three separate days. 
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system is unique in that binding and internalization ocrurred 
via specific Fab binding to antigen and not to Fc receptors. 
The metabolism of Ig after Fc receptor-mediated internaliza- 
tion has been reported to be both inaeased and decreased 
by oligomerization (13, 16. 17). 

Hd-IgG was at least 100-fbld more potent on a molar basis 
at cell killing with rabbit complement than the HuGl-M195 
(not shown). In this and other experiments, no cytotoxicity 
of HuGl-M195 was seen below a concentration of .01 fig/ml 
whereas Hd-IgG demonstrated a linear increase in cell lysis 
starting at .001 ^§/wl. Since both HuGl-M195 and Hd-IgG 
have similar avidities of binding, this would not explain the 
enhanced ability of Hd-IgG to perform CMC. Moreover, the 
more rapid and efficient internalization of Hd-IgG would argue 
against its improved ability to perform CMC, since less mAb 
would be avaUable on the cell surface to fix complement. Al- 
though HuGl-M195 (7) and Hd-IgG were capable of fixing 
human complement and killing AL67 fibroblasts that over- 
express CD33, neither HuGl-M195 nor Hd-IgG lysed HL60 
ceUs in the presence of human serum. 

Several lines of evidence suggest that the proximity of Fc 
regions of multimeric IgG may explain its enhanced effec- 
tiveness in CMC as compared with monomeric IgG. Binding 
and activation of Clq requires the formation of doublet IgG 
on the cell surface (18). Since Hd-IgG intrinsically contains 
a doublet of Fc regions, it may allow more efficient binding 
of the polyvalent Clq. The concept that a cluster of IgGs 
allows for multiple points of CI atuchment (19-21) is con- 
sistent with our observations of enhanced CMC here. It has 
been suggested that another site of attachment to the CHI 
domain is needed (22). Hd-IgG may facilitate such spatial 
rearrangements. Bispecific antibodies capable of binding to 
two antigens (23) and a chimeric antibody with dual Fc regions 
(24) were superior to conventional IgG in CMC, presum- 
ably because of the increased number of Fc regions and their 
close arrangement in pairs. A critical number of antigen sites 
or critical spacing of epitopes on the cell surface has been 
shown to be necessary for CMC to occur with monovalent 
IgG (7. 25, 26). Naturally occurring IgG3 mAbs to carbo- 
hydrate antigens, which exhibit intermolecular cooperativity 
through Fc region interactions, show potent complement- 
mediated effector fiinctions (27). The Hd-IgG described here 
may achieve this via a genetic mechanism. 



Hd-IgG was at least 100 times more potent on a molar 
basis than HuGl-M195 at ADCC (Fig. 4). Specific lysis with 
0.2 /ig/ml Hd-IgG was as much as twofold greater than 10 
/ig/ml HuGl-M195 at the same E/T ratios. Hd-IgG was two- 
to fivefold more effective over a 50-fold concentration range 
at each E/T ratio. Chimeric and humanized IgG have shown . 
ADCC where the original murine mAb did not demonstrate 
that capabihty (28-30). It is not surprising that homodimeric 
humanized IgG would be even more effective than mono- 
meric IgG because of the greater ability of dual Fc regions 
to bring together effectors and targets in close proximity to 
allow ADCC to occur. IL2 has been shown to potentiate 
ADCC against human Tac-positive T cells with humanized 
anti-Tac mAb (28). We have evidence that IL-2 enhances both 
HuGl- and Hd-IgG-mediated ADCC against HL60 target 
cells (31). The combination of other cytokines and Hd-IgG 
to enhance effector cell fiinction needs to be investigated. 

Previously, a human polymeric IgGl mAb against group 
B streptococcus, held together by noncovalent interactions, 
has been described which showed enhanced binding and op- 
sonic activity compared with the original monomeric mAb 
(32). The demonstrated hemophilic interaaions with a mouse 
IgG3 mAb, R24. reactive with GD3 ganglioside. have also 
led to the suggestion that multimerization of Ig may be a 
mechanism to enhance antibody-mediated clearance of bac- 
teria (33). 

The improvement in intemaUzation of homodimeric M195 
IgG should be advantageous for its use as a carrier of radio- 
labels or toxins, and should allow the delivery of more cyto- 
toxic agent to target cells for each injected dose. Although 
we are currently able to safely deliver therapeutic levels of 
radioisotope to leukemia cells in humans in vivo, this change 
in cellular kinetics should allow the same therapeutic effects 
with less injected dose. In addition, the markedly improved 
effector fiinctions and potency of Hd-IgG alone seen in vitro 
may result in potentiaUy effective cytotoxicity against AML 
in vivo without conjugated cytotoxins or isotopes. 
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Abstract 

Lyni-I, an anli-MHC class II Ab, displayed a unique processing pathway after binding to the surface of Raji B-lymphoma 
cells, in which Fab-like fragments were gradually released into the medium. The fragments had reduced interchain disulfide 
bonds. Fragmentation was markedly reduced by inhibitors of intracellular- catabolism,. namely ammonium chloride, chloroquine 
and leupeptin. The capacity of the process was high, and fragmentation of approximately 5 x 10^ Ab molecules per cell per day 
was measured directly, in what can be considered to be a minimum estimate. Five other Abs to the MHC class II antigen were 
tested similarly on Raji and on three other B-cell lymphomas: none showed the same high level of fragmentation seen with Lym- 
1 binding to Raji, but .significant fragmentation did occur with some of the Abs, particularly EDU-1 and L243. The level of 
fragmentation depended on the cell line as well as on the particular Ab. The other 5 Abs were all catabolized, to low molecular 
weight material, much more extensively than Lym-I, Part of the difference between Abs can probably be attributed to the 
fortuitous, preferential labeling of Lym-1 on the light chain, since the data suggest that the Fc fragment is fully degraded while 
the Fab-like fragment is released into the supernatant. This pathway of Ab processing is likely to be related to the physiology of 
the MHC class II antigen, which recycles into a mildly proteolytic intracellular compartment, (r) 1999 Elsevier Science Ltd. All 
rights reserved. 

Keywords: Antibodies to MHC class II: Antibody catabolism; MHC class II antigen recycling 
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1. Introduction 

Wc have been investigating the processing of radio- 
labeled Abs bound to B-cell lymphomas and other 
tumor types (Hanna et ah, 1996, 1998; Kyriakos et al, 
1992; Mattes ct al., 1994; Vangeepuram et al., 1997). 
In testing an anti-MHC class H Ab, Lym-1, which is 
currently being used in clinical studies (DcNardo et 
al., 1997), we observed a unique processing pathway, 
which is described herein. After binding to the surface 
of B-cell lymphomas. Fab-like fragments were released 



Ahhreviations: DTPA, dicihylenetriamine penlaacetic acid: TCA. 
trichloroacetic acid: RAIT, radioimmunotherapy. 
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7020. 
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Mattes) 



in large amounts from the cell. Such fragmentation 
and release was not observed with many other Abs 
that have been tested similarly on B-cell lymphomas 
(Hanna et al., 1996, 1998; Vangeepuram ct al., 1997) 
or carcinomas (Kyriakos et al., 1992; Mattes et al., 
1994). Most other Abs, in contrast, remain bound to 
the cell surface until they are gradually internalized, 
after which they arc promptly catabolized within lyso- 
somes and released as low molecular weight material, 
probably iodotyrosine (for a conventional iodine 
label). The unusual processing pathway of Lym-1 
probably reflects the unique recycling pathway of the 
antigen recognized (Watts, 1997), and the fate of the 
Ab can be considered to provide information about 
the nature of the intracellular compartments encoun- 
tered by recycling class II antigens. Five other Abs to 
MHC class II were also tested, for comparison with 
Lym-1. 
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2. Materials and methods 
2.1. Antibodies and cell lines 

Th^cell lines and growth conditions were described 
previously (Hanna et al., 1996; Vangcepuram et a 
mn The B-cell lymphoma 'ncluded Raj.. 

Ramos RL. Daudi, SU-DHL-4. SU-DHL-6. 
Sama wa. BJAB. and NC-37. NC-37 was recent^; 
Td^ntified as a Raji ^^^^^^^^ 

rsren':^rdt""o;r^^^^^^^^^ 

because the'results obtained with NC-ST were s.^r^ 
cantly different from the results obtamed with Raji. 
Cell Unes were tested routinely 
lamination by the Mycotect assay (Gibco BRL, Oranfl 
Island NY) and were negative. Ab Lym-1 .s a mouse 
ljG2a reacting with the human MHC class U antigen 
(Epstein et al., 1987), and was P^^^'^^^ . J?/.. 
k^Nardo "^*-ity of C^^^^^^^^^^ 
Center, Sacramento. CA. Its specihciiy J 
of HLA-DR was recently better defined 
1996) It was produced as ascites m mice then punhed 
iy p otein A affinity chromatography. The hybndoma 
clone L243 was obtained from the A.T.C.C., grown as 
Ses and purified as described above^O^cr Abs^to 
class II ap chains were purchased: TDR31.1 Irom 
Ancell Bayport, MN); YE2/36 and YDI/63^4.10 rom 
Ha an Sera^Lab (Indianapolis, IN); and EDU-l from 
moSource (Camarillo, CA). The T(ab'). fragment wa 
produced from purified L243 by standard methods 
ftamoyi, 1986), and was P^nfi^^i^by passing over a 
protein-A affinity column, then a Bio-^1 G250 "PLC 
gel filtration column. In analysis by SDS-PAGE, there 
was one major band at the expected molecular weight 
Tp^roximately 100,000 Da. with no detectable intact 
Ab. 

2.2. Radiolabeling 

'^'I labeling of Abs was by standard methods using 
chloramine-T (Kyriakos et al., 1992). The specific ac. 
tivity was 5-15 mCi/mg, so the molar ° °f 
was slightly less than 1:1. Lym-1 was a so labeled on 
rcarfohydrate with '''in-benzyl-DTPA by me hods 
that have been described (Govindan et al., 1995). 
Briefly, the carbohydrate was o'^'diz^i with perjoda , 
then conjugated with amino grouj^denvatizcd bcnzyl- 
DTPA. The specific activity was 3.8 mCi/mg. 



2.3. Ab processing a.s.iay 



This was previously described in detail (Hanna et 
al 1996) Bricflv. cells were coated with I-labelcd 
Abs for I h at 37''C, then washed and incubated under 
tissue culture conditions for 2- 3 days. The specificity 



of Ab binding was established '^'7^1'^"^^ .^ 
inhibition with a large excess of unlabeled Ab, and 
was alwavs >90%. At various times the cells and 
supernatant were assayed for cpm and <^oun \w iht 
supernatant were analyzed by TCA precipitation to 
de^rmine whether the counts were on m act or 
degraded Ab. Statistical comparisons were performed 
with student's /-test. 

2.4. HPLC gel filtration analysis of culture supernaiants 

Labeled supematants were analyzed on a Bio-Sil 
G250 gel filtration column, with a ^"""'"\^"«f' 
0 2 M sodium phosphate. pH 6.8. 10 mM NaN,. 
Samples were 0.1 ml of spent "-fdium Iha,- had been 
centrifuged and filtered through a 0.22 nm filter 
5n treated control Abs were prepared at a smular (but 
not e.xactly equal) concentration of rad.oacUvity^ 
Fractions of 0.5 ml were collected and counted^ To 
characterize the peaks obser^'ed, the ability of Ab to 
shiftthepeakswasdete™^^^^^^^ 
bt anti-mouse IgG (UtJ^-iuy. ° ' .' 
Carpinteria, CA); goat anti-mouse 8°^;.^"^-. 
mouse Fc (atlGAM/Fab/7S, lO.O "^1 and fAM 
1eG(Fc)/7S, lO.O mg/ml, respectively, Nordic Labs 
Accura Scientific, Westbury. NY) and «"onoclonal 
rat anti-mouse IgG2a (tttJLO-MG2A-7-C, 10 mg/ml 
BioSource. Camarillo, CA). This Ab was stated by the 
supplier to be Fc-specific. In addition 
perimenus demonstrated that it reacted w-ith whole IgG 
Tut not with an F(ab): fragment. To 0.5 ml of supe - 
natant was added 2.5 ^l of Ab. After I h '^^^^"^^^^ 
3TC, samples were filtered through a 0.22 nm filter, 
then applied to the HPLC column. 

2.5. SDS-PAGE 

Culture supematants were concentrated by adding 
1.5 ml 95% ethanol to 0.5 ml of s"P""^tant After 
30 min al 0-4°C, the precipitate was pelleted for 
10 min at 7000 rpm. After discarding the supernatant 
the tubes were allowed to air-dry for 10 mm and the 
orLioitates were then resuspended in 0.1 ml sample 
K and heated for 3 min at 100°C. Unreduced 
samples were supplemented with 14 mg^ml 'odoace a- 
mide to prevent disulfide exchange Cond.Uons fo 
SDS-PAGE were standard Laemmli conditions, as 
described previously (Mattes. 1987) using .5 mm 
thick gels Molecular weight markers were Wide 
Range Color Markers (119C3437. Sigma Chemicals. St 
Louis MO). In order to sec distinct bands correspond- 
Lg o both intact Ab and Ught chains, a two-phase gel 
was used consisting of 7.7 cm of 12% acrylam.de 
^neath 3.8 cm of 7% acrylamide. w.th the usual 
Lking gel on top. Generally 5000 cpm -re run per 
lane, but this was reduced in cases of low activity, for 
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which a maximum volume of 100 \i\ was run. In exper- 
iments in which various time points were compared (as 
in Fig. 3), the volume containing 5000 cpm was deter- 
mined for one of the samples (usually the earliest) and 
the same volume of the other samples was run. Dried 
gels were exposed to Kodak BioMax MS film for 1-3 
days, with a Kodak BioMax MS intensifying screen. 
To quantitate bands, they were excised and counted in 
a y-counter. In some experiments, cell extracts were 
analyzed by SDS-PAGE. Cells from wells of 24-well 
plates were washed once with tissue culture medium, 
then solubilized in 0.1 ml of phosphate-buffered saline 
containing 0.5% NP40 and I mM Pefabloc 
(Boehringer Mannheim, Indianapolis, IN) for 20 min 
at room temperature. After removing insoluble ma- 
terial by centrifugation at 10,000 rpm for 5 min, 
appropriate number of cpm were added to the stan- 
dard SDS-PAGE sample buffer. Some bands obtained 
in unreduced gels were subsequently re-run after re- 
duction. This was done by excising the dried gel sec- 
tion, cutting into approximately 1 -2 mm squares, and 
placing into the sample wells of a second gel. The gel 
pieces were then allowed to swell in sample buffer con- 
taining 12 mg/ml dithiothrcitol for 30 min before 
beginning electrophoresis. 

2.6. Use of inhibitors of cataboiism 

Cells were pretrealed with the inhibitors for 30 min 
at 37°C before application of the Abs. Ammonium 
chloride was used at a final concentration of 10 mM; 
chloroquine (Sigma Chemicals) was used at two con- 
centrations, 0.2 and 0.05 mM; and leupeptin (ttBL2884, 
Sigma Chemicals) was used at 0.1 mM. The higher 
concentration of chloroquine slightly affected cell mor- 
phology, with less clustering of the cells, but the other 
conditions tested had no evident effect on cell mor- 
phology, viability or growth rate. 

2.7. Lym-l saturation experiments 

In these studies, we attempted to saturate the anti- 
gen with radiolabeled Lym-I for prolonged periods (2- 
3 days), in order to determine the total uptake ca- 
pacity. To maintain a reasonable level of total radioac- 
tivity, the cpm was kept constant while the Ab 
concentration was adjusted by adding unlabeled Ab. 
As the Ab concentration is increased, the fraction 
binding, and being internalized, naturally decreases, 
due to Ab excess. Thus, it is necessary to adjust the 
concentrations of labeled and unlabeled Ab in order to 
obtain near-saturation while the fraction of Ab bind- 
ing remains adequate for accurate measurement. In 
these experiments, cells were not pre-coated with Ab, 
but instead were incubated continuously with Ab for 
the indicated period. At various times, the supernatant 



100 




Hours of Incubatton 

Fig. I. Processing of '-*1-Lym-1 after binding to Raji cells (A) or 
NC-37 cells (B). Ai various times, the cpm remaining on the cells 
(•), released intact (B), or released degraded (A) were determined. 
Values shown are means ± standard deviations of duplicates; any 
standard deviations not seen arc too small to be visible above the 
symbols. The experiments shown are representative of two separate 
experiments with each cell line 

was analyzed for intact and fragmented Ab by SDS- 
PAGE. To calculate the Ab molecules fragmented per 
cell, cell counts were obtained at each time point, and 
the percentage fragmented at each time point was 
determined by excising and counting bands seen in 
SDS-PAGE. 



3. Results 

3.L Processing of Ab Lym-I after binding to the cell 
surface 

Lym-l reacted with only three of the nine B-cell 
lymphoma lines tested, due to the fact that the Ab 
recognizes a polymorphic determinant on the MHC 
class II P chain. Lym-l reacts with DRIO and with 
other, unidentified, p chain alleles (Rose et al., 1996). 
All of the 9 cell lines reacted strongly with other Abs 
to MHC class 11, including L243. Lym-l processing 
was initially investigated by an assay that uses TCA 
precipitation to distinguish between Intact' and cata- 
bolized Ab, and does not analyze the form of high 
molecular weight, TCA precipitable material. The pro- 
cessing pathway was different depending on the par- 
ticular cell line. With Raji, the original immunizing cell 
line (Fig. lA), a peak of 42% of the bound Ab was 
released intact within 69 h. The relea.se of intact Ab 
was initially rapid, with 25% release at 3 h, and after 
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21 h there was a near plateau. Degraded Ab was 
released at a low. continuous rate of approximately 
4% per day, for the 3-day course of the expenmenl. 
This processine pattern is therefore generally similar to 
results with many other Abs and cell lines, of vanous 
histological types (Hanna et al.. 1996; Kyriakos et al., 
1992). except that there was greater release of intact 
Ab and less catabolism. 

With another positive cell line, NC-37. Lym-1 dis- 
played a unique pattern of release and re-binding of 
Ab (Fig. IB). Although it is not uncommon to observe 
a small decrease in the amount of intact Ab in the 
supernatant with time, using other Abs, such a 
decrease is invariably small. <5% of the total bound 
cpm Examples of this elTect were previously shown 
(Hanna et al., 1996; Kyriakos et al.. 1992). and we 
generally attribute this decrease to the rc-bindmg and 
catabolism of Ab thai had been released into the med- 
ium A large decrease in the intact Ab in the super- 
natant from 3 to 69 h, as shown in Fig. IB, has not 
been previously described. Moreover, the cell-bound 
cpm increased from 20% at 3 h to 49% at 69 h; such 
an increase in cell-bound cpm, after the initial drop, is 
also unique. These two effects are results of the same 
process, the rebinding of Ab that was previously 
released into the medium. NVe investigated the form in 
which Lym-I was retained by the cells, by extraction 
of cells at various times, from 3 to 69 h, and analysis 
by SDS-PAGE. The cpm remaining on the cells was 
predominantly intact IgG in all cases, with no indi- 
cation of substantial amounts of any distinct catabolite 
(data not shown). The explanation for this high level 
of stable re-binding of previously dissociated Ab is not 
known al this time, but it can be tentatively attributed 
to gradual accumulation of the Ab in some stable, 
non-catabolic compartment. 

3.2. Release of Fab-like fragments 

Since precipitation with 10% trichloroacetic acid 
does not distinguish between intact Ab, Ab-antigen 
complexes resulting from antigen-shedding, or large 
Ab fragments, supernatants from cells coated with 
'"l-Lym-1, containing relatively large amounts of 
TCA-precipitable cpm (>20% of the total bound 
cpm), were analyzed by gel filtration HPLC. With 
other Abs showing large amounts of TCA-precipitable 
cpm in the supernatant, which is uncommon, such an 
analysis showed that the material in the supernatant 
was free, intact Ab, undoubtedly released due to dis- 
sociation of relatively low-avidity Abs ((Vangeepuram 
et al., 1997); M.J.M., unpublished data). In contrast, 
the TCA precipitable cpm derived from Lym-1 bound 
to Raii cells were largely in the form of large frag- 
ments of Ab. Analy.sis of 21-69 h supernatants 
revealed some intact Ab. but a large fraction of the 
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Fig 2 Gel filtraiion HPLC analysis of the spent medium obtained 
from Raji cells that had been coated with '"l-Lym-1. then washed 
and incubated 21 h under tissue culture conditions. (A) Solid Imcs. 
without added. Ab: dashed lines, treated with goat anti-mouse Kab; 
doited lines, treated with goal anli-mou.se Fc. (B) Solid lines, without 
added Ab- dashed lines, treated with monoclonal rat anti-mouse Fc. 
Intact IgG elutes at fractions 35-56. and Fab' fragments at fractions 
44-46. on this column. 

cpm migrated in a peak having a molecular weight of 
approximately 40-50,000 Da (Fig. 2). Some low mol- 
ecular weight, fully degraded material, probably todo- 
tyrosine, was also present in the supernatant. This low 
molecular weight material elutcd approximately five 
fractions later than sodium iodide, due evidently to 
hydrophobic interaction with the column. To demon- 
strate that the fragments were a product of cell metab-. 
olism. Lym-1 was incubated similariy in either tissue 
culture medium or spent medium from Raji cells: IgG 
fragments were not generated in these experiments. 

To further characterize the apparent Ab fragment, 
Abs were added before HPLC to shift the peaks. The 
Abs tested were polyclonal anti-mouse Fab and anti- 
mouse Fc, a more broadly reactive anti-mouse IgG, 
and monoclonal rat anti-mouse Fc. The presumed 
fragment, as well as the intact Ab, was entirely shifted 
by both the anti-mouse Fab and the anti-mouse IgG 
Ab. In contrast, the polyclonal anti-mouse Fc had 
only a partial effect on the fragment peak, although it 
efficiently shifted the peak of intact Ab (Fig. 2A). In 
these experiments, some but not all of the shifted cpm 
appeared in the void volume peak; we suggest that 
some of the immune complexes formed were loo large 
to pass through the column. These data demonstrate 
that the fragment observed was a fragment of IgG, 
and predominantly Fab-like. However, there was 
uncertainty regarding the presence of Fc fragments. 
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Fig. 3. Fragmentation of '"''l-Lym-1 by Raji cells, and its inhibition 
by chloroquine. Cells coated with '-^l-Lyni-l were incubated with or 
without chloroquine ai either 0.2 or 0.05 mM. At various times, the 
supernatant was analyzed for the presence of Fab-like fragments by 
SDS-PAGH. The same volume of each of the supematanis was run. 
Unreduced samples were run on a 7-12% acrylamide gel, as 
described in Materials and methods. The migration position of IgG, 
Fab-like fragments, and light chains are indicated. One of the bands 
in the light chain region is probably the Fd fragment. 

since the anti-Fc antiserum did have some effect. It 
should be noted that this result appears to be incon- 



of sistent with the fact that the anti-Fab serum shifted all 

jq1_ of the fragment, since any Fc present should not be 

jJq. shifted by treatment with anti-Fab'. Our hypothesis, 

low therefore, was that the anti-Fc antiserum might be 

five contaminated by low levels of anti-Fab Abs. This is 

to reasonable because these antisera were made specific 

on- by absolution, which typically leaves trace amounts of 

^^5. the unwanted Abs, and because the assay used here is 

jsue ^^O' sensitive to small amounts of Ab. To eliminate 

IgG the possibility of contaminating Abs, we tested a 
monoclonal rat anti-mouse Fc: this Ab had no effect 

ent, on the fragment peak although it ef!iciently shifted the 

7he intact Ab peak (Fig. 2B). We conclude that the frag- 

mti- mtx\i generated is Fab-like. 

[gG, Characterization of the fragment was confirmed and 

nied extended by SDS-PAGE analysis. Concentrated super- 

ifted natants were run without reduction, and with iodoace- 

IgG tamide added to prevent disulfide exchange. The same 

had volume of supernatant at each time point was run. 

gh it \ The fragments observed in Lym-1 culture sup>ernatants 

In \ migrated as a doublet in the region of free light chains 

cpm (Fig. 3). The simplest explanation of these results, in 

that conjunction with the HPLC data, is that the fragment 

large is Fab-like with interchain bonds reduced. Thus, the 

;trate doublet observed is probably composed of the light 

IgG, chain and Fd fragment. Only a trace of the Fab-likc 

was fragment was present in the supernatant at 3 h, and 

lents, fragment production was more extensive at 45 h than 



at 21 h. By 45 h, the majority of the IgG in the med- 
ium was converted to the fragment^. By excising bands 
and counting their radioactivity, it was determined 
that, of the total counts present in the immunoglobulin 
bands at 45 h (the sum of the intact IgG and the light 
chain-like doublet), approximately 60% were in the 
light chain-like doublet. It should also be noted that 
the amount of intact IgG in the supernatant gradually 
decreased from 3 to 45 h, as the amount of fragment 
was increasing (Fig. 3). Based on Figs. 1 and 3, since 
the total TCA-precipilable cpm in the medium did not 
change much from 3 to 45 h, it appears probable that 
the Ab molecules destined for fragmentation arc in- 
itially released intact from the cells, and are then 
gradually fragmented after re-binding to the target 
cells. However, other explanations are also possible, 
considering that a large fraction of bound Ab, 40%, 
remains cell-bound over the 3-day experiment. 

Similar fragmentation of Lym-1 did not occur with 
the other two reactive cell lines, SU-DHL-6 and NC- 
37, or occurred at much lower levels. Supernatants 
from these cell lines, similar to those described above, 
were analyzed by both gel filtration HPLC and SDS- 
PAGE. With NC-37, only a trace of fragments was 
generated; with SU-DHL-6, small amounts of Fab-like 
fragments were generated, but much less eflicienlly 
than with Raji (data not shown). The lack of fragmen- 
tation with SU-DHL-6 can be probably attributed to 
the fact that the Ab binds weakly, inasmuch as there 
was a high level of dissociation from this cell line, so 
Lym-1 probably dissociated before it could be cfii- 
ciently internalized. 



33. Effects of calaholic inhibitors 

This Ab fragmentation is most likely to occur intra- 
cellularly, but it is possible that it could occur on the 
cell surface. To investigate this point, inhibitors of in- 
tracellular proteolysis were tested, namely ammonium 
chloride, chloroquine and leupeptin. The first two raise 
the pH of normally acidic intracellular vesicles, and 
thereby inhibit catabolism, while leupeptin is a specific- 
inhibitor of some proteolytic enzymes. All three pro- 
duced strong inhibition of Lym-1 fragmentation and 
release, under conditions in which cell viability was 
not significantly affected. Representative results, with 
chloroquine, are included in Fig. 3. The inhibitors not 
only reduced the production of fragments, but also 
blocked the gradual decrease in intact IgG in the med- 
ium that occurred in control wells, as shown. By calcu- 
lating the percentage of total IgG that was in the form 
of fragment.s, as described above, we estimated that 
chloroquine produced an approximately 90% inhi- 
bition of fragmentation, and similar levels of inhibition 
were obtained with the other two inhibitors tested. 
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These data strongly suggests that fragmentation occurs 
within an intracellular acidic vesicle. 

Fig. 3 also demonstrates a 'new* fragment that was 
more prominent in some of the experiments with in- 
hibitors, but had been only a minor component in ear- 
lier experiments. This is the Fab-like band in Fig. 3, 
having a molecular weight of approximately. 50,000 
Da. Since this molecular weight is consistent with 
either free heavy chain or a disulfide-linked Fab, the 
band was excised and re-run under reducing con- 
ditions, on a 12% acrylamidc gel. The results indicated 
clearly that the band was a disulfide-linked Fab, since 
after reduction it migrated as if approximately 25,000 
Da in molecular weight (not shown). Thus, the disul- 
fide-linked Fab appears to be a precursor of the par- 
tially reduced Fab, and this intermediate is sometimes 
increased in the presence of catabolic inhibitors. 
Despite the presence of this band, it should be empha- 
sized that almost all of the Fab-like fragments released 
under normal conditions, and most of the Fab-like 
fragments released in the presence of catabolic inhibi- 
tors, were composed of partially reduced subunits in 
which the interchain disulfide bonds were reduced, and 
therefore migrated with light chains in SDS-PAGE. 

3 A. The capacity for Lym-l uptake by Raji cells 

The above data, together, suggests that the partially 
reduced Fab-like fragments are transported back to 
the cell surface, possibly still bound to antigen, where 
they are released into the supernatant, perhaps due to 
dissociation. The exposed antigen molecule can then 
potentially bind another molecule of intact Ab, which 
binds much more strongly than the monovalent Fab. 
Given this model, it seems possible that a single anti- 
gen molecule could transport many Ab molecules into 
the cell. To obtain an estimate of the total capacity of 
this internalization process, experiments were per- 
formed with increasing concentrations of Lym-1, up to 
a near-saturating level of 5 pg/ml. In these exper- 
iments, rather than using an initial Ab binding incu- 
bation, the cells were simply incubated in the presence 
of radiolabeled Ab for the duration of the experiment, 
2-3 days. At various times, the supernatant was ana- 
lyzed for the presence of Ab fragments, and the per- 
centage of the total Ab that had been fragmented was 
calculated. From this data, and the cell counts, the 
number of Ab molecules fragmented per cell could be 
calculated. Representative results are shown in Fig. 4, 
and Fig. 5 displays the results in terms of *Ab mol- 
ecules fragmented per ceir. No plateau in the Ab mol- 
ecules fragmented per cell was observed at the highest 
Ab concentration tested, indicating that saturation was 
not reached. The largest amount of fragmentation 
measured was approximately 10^ Ab molecules per cell 
in 2 days. Higher Ab concentrations could not be 
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Fig. 4. The capacity of Raji lo lake up Lym-1, in a prolonged Ab in- 
cubation. CelU were incubated with the same amount of radiolabeled 
Ab, and with varying amounts of unlabeled Ab. Ai various times, 
the supernatant was analyzed for intact and fragmented Ab, by 
analysis on a non-reducing 7-12% acrylamide gel. The migration 
positions of IgG and light chains are shown. One of the bands in the 
light chain region is probably the Fd fragment. The lowest Ab con- 
centration, 0.0043 jig/ml, had no unlabeled Ab added. Intermediate 
Ab concentrations of 0.05 and 1.0 pg/ml were also tested in this ex- 
periment, but results are not shown. The bands that were excised, 
for determination of cpm, are indicated. The intact Lym-l in the 
medium is gradually converted to fragments, and the extent of frag- 
mentation is reduced at high Ab concentrations. 

readily tested, since the fraction of Ab fragmented 
naturally decreased as the protein dose increased, and 
this fraction was too low to be measured accurately if 
the Ab concentration was raised to > 5 jig/ml. We 
speculate that our inability to saturate this uptake pro- 
cess is due to the fact that MHC class II molecules re- 
cycle rapidly (Reid and Watts, 1990), and that, 
therefore, it is experimentally difficult to have a new 
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g 1.00E404. ^ 
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Fig. 5. Summary of the experiments determining fragmenlation ca- 
pacity, using increasing concentrations of Ab. Production of Falvlike 
fragments was assayed by SDS-PAGF, a.s described in Materials 
and methods. The two symbols indicate results of two independent 
experiments. The values shown arc the Ab molecules fragmented in 
the eomplcic, 2-day, experiment. 
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intact Ab bind to the antigen molecule each time it 
appears on the cell surface. Given the presence of 
l.l X 10* Lym-1 binding sites per cell (Epstein et al., 
1987), these data suggest that each antigen molecule 
may be able to transport several Ab molecules into the 
cell for fragmentation. However, given the uncertain- 
ties in these calculations, we cannot rule out the possi- 
bility that each antigen molecule transports only a 
single Ab molecule. 

3,5. Tests of other anti-MHC class II Abs 

To our knowledge, Lym-1 is not difTerenl from 
other Abs to MHC class II in any basic way, except 
that it recognizes a polymorphic epitope (Rose et al., 
1996), and we would therefore expect other Abs to the 
same antigen to follow a similar processing pathway. 
To investigate this point, five other Abs were tested, 
with Raji target cells. These Abs were tested initially in 
our standard processing assay. As shown in Fig. 6, all 
of the Abs had quite high levels of Ab ^dissociation', 
but were markedly different from Lym-1 in the level of 
catabolism. While only 12% of Lym-1 was calabolized 
and released in 45 h, 56% of YDl was catabolized, 
and 30-47% was catabolized with three of the other 
Abs. L243 was most similar to Lym-i, but still had 
21% catabolism in 45 h, or almost twice as much as 
Lym-L Due to this faster catabolism, together with 
the similar release of 'intact' Ab, the amount of Ab 
remaining on the cells was much lower with four of 
the other Abs than with Lym-1 (Fig, 6). Only L243 
was similar to Lym-1 in cellular retention at 45 h. 
The intact' Ab in the supernatant of Raji cells was 
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Fig. 6. Processing of sU Abs lo the MHC cla.ss II antigen after bind- 
ing, lo the surface of Raji B-lymphoma cells. Values shown are: the 
peak percentage of initially bound cpm released iniacr (TCA preci- 
pitable) into the medium; the percentage of initially bound cpm 
released degraded into the medium at 45 h: and the pea*entage of in- 
itially bound cpm remaining cell bound al 45 h. The 'intact' cpm in 
the medium was sometimes .slightly higher at 21 h than at 45 h (due 
to re-binding of the Ab), which is why the peak value is presented. 
However, this was a minor effect, always < 5% of the total cpm. 
and unlike the strong effect shown in Fig. IB with Lym-I binding to 
NC-37. Means + standard deviations are shown for at least two sep- 
arate experiments with each Ab. each performed in duplicate. 



further analyzed by gel filtration HPLC and/or SDS- 
PAGE, for four of the Abs, YDl, YE2/36, EDU-I 
and L243. Three of these Abs, all except EDU-1, pro- 
duced only a trace of Fab-like fragmentation (although 
such a trace was present and was not seen in the con- 
trol Ab incubated without cells) (data not shown). 
With EDU-1, in contrast, a relatively high level of 
fragmentation was observed by HPLC analysis (Fig. 
7). The major fragment was again Fab-like in size, but 
there were two distinct differences from the fragmenta- 
tion pattern observed with Lym-I. First, there was 
never a high level of intact Ab in the medium: at 3 h 
only a small amount of intact Ab was present, and at 
21 h only a trace was present, with the Fab-like peak 
being the only major protein peak. Secondly, there was 
much more low molecular- weight catabolic material 
with EDU-1 than with Lym-1, and at 21 h this peak 
was much larger than any protein peak. This is con- 
sistent with the data in Fig. 6 showing that EDU-1 
catabolism was much greater than that of Lym-1. 
Although the catabolite peak at 21 h was off-scale in 
Fig. 7, the peak cpm was 1029, and the Fab-like peak 
was 19% of the cataboHte peak. SDS-PAGE analysis 
of EDU-1 supernatants also showed light-chain-like 
fragments, similar to those described with Lym-1, and 
at 21 h more than half of the cpm in immunoglobulin 
bands were in the Fab-like fragment (data not shown). 

Some of the other anti-MHC class II Abs were also 
tested for fragmentation by other cell lines. Since all of 
these Abs, unlike Lym-1, react with non-polymorphic 
epitopes, it was possible to test a wider range of cell 
lines. Experiments were performed with Ab YDl bind- 
ing to NC-37 and SU-DHL-6, and Ab L243 binding 
to Ramos, RL and Daudi. In general, we observed sig- 
nificant differences in the processing of the .same Abs 
by different B-cell lymphoma lines, particularly in the 
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Fig. 7. Gel fihralion HPLC analysis of the spent medium obtained 
from Raji cells ihal had been coaled with '*-^I-EDU-I, then washed 
and incubated under tissue culture conditions. Dotted lines, control 
Ab. prepared at approximately the same concentraUon of cpm/ml: 
dashed lines, 0.1 ml of spent medium collected at 3 h: solid lines, 
0.1 ml of spent medium collected at 21 h. The peak at fraction 43 is 
the Fab-like fragment. 
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cataboiic rate (data not shown). Some indication of 
fragmentation occurred with many Ab/targel cell com- 
binations, but generally at a low level. The most exten- 
sive Fab-like fragmentation occurred with Ab L243 
bound to the Ramos cell line (Fig. 8). Again, the ab- 
solute level of fragmentation appeared to be lower 
than with Lym-1. The fragmentation pattern was simi- 
lar but not identical to that with Lym-1 on Raji: in ad- 
dition to the light chain- and Fd-like bands, a 
prominent band at approximately 50,000 Da was seen, 
which is very similar to the band noted above in the 
chloroquine experiments. In the same way as described 
above, it was demonstrated that this band was com- 
posed of a Fab-like fragment (as opposed to free 
heavy chain). Cutting and counting the bands indi- 
cated that 44% of the Ig-related cpm (which includes 
the bands indicated in Fig. 8), were fragments at 48 h. 
which is comparable to the percentage obtained with 
Lym-1 on Raji. There were two other distinct differ- 
ences from the Lym-1 /Raji system: (1) The marked 




-IgG 



-Fab 



decrease with time in the amount of intact Ab in the 
medium did not occur with L243; and (2) the level of 
catabolism was much higher with L243, as shown by 
the cpm at the dye front in Fig. 8. It is interesting to 
note that L243 fragmentation was more extensive with 
Ramos cells than with Raji, although this cannot cur- 
rently be explained. In conclusion, evidence for frag- 
mentation and release was obtained with two of the 
five other Abs tested, but Lym-1 bound to Raji cells 
appears to show more extensive fragmentation than 
other combinations of Abs and cells. 

The possible explanation for the differences between 
Abs in the extent of fragmentation includes differences 
in the Ab subclass, the species of origin, and the pre- 
cise epitope recognized. The epitope recognized was 
analyzed by . competitive binding experiments. *"^I- 
Lym-I binding to Raji cells was strongly inhibited by 
L243 and YE2/36, both of which in fact inhibited 
binding somewhat more effectively than Lym-1 itself, 
when used at the same concentration. YDl and EDU- 
1 showed partial inhibition (data not shown). Thus, 
the epitope recognized by Lyra-1 is not unique, at least 
according to this assay. Wc note that this cross-compe- 
tition was one-way, in that Lym-1 did not significantly 
inhibit binding of radiolabeled L243. This result 
suggests that Lym-l may have a lower avidity than 
L243, and a relatively low avidity may affect the pro- 
cessing pathway observed. 

Another difference that was noted by chance, and 
that must play some role, is the '~^I labeling pattern. 
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Fig. 8. SDS-PAGE analysis of the spent medium obtained from 
Ramos cells that had been coated with '-^I-L243, then washed and 
incubated for various periods under tissue culture conditions. 
Concentrated medium was run unreduced on a 7%/ 1 2% resolving 
gel, as described in Materials and methods. The migration positions 
of intact IgG, Fab-like frdgmenls. and light chains are indicated. 
One of the bands in the light chain region is probably the Fd frag- 
ment. Supcmatanis were analyzed at 0, 24, and 48 h. The same 
volume of each of the supcrnatants was run. The bands that were 
excised, for determination of cpm, are indicated. Li ght<h a in-sized 
and Fab-like fragments were gradually produced, over a 2-day 
period. The left-most lane shows the control L243 Ab, and the next 
lane is ihe same Ab diluted in tissue culture medium and precipitated 
with cthanol, to mimic conditions used for the spent medium. 




Fig. 9. SOS- PAGE analysis of 5 radioiodinaled Ab, reduced and 
run on an 11 % acrylamide gel. The migration positions of the heavy 
and light chains arc shown. Note the differences between Abs in the 
relative labeling of the light chain vs the heavy chain, with Lym-1 
preferentially labeled on the light chain. Ab L243 was analyzed in a 
separate experiment, not shown here. 
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More specifically, Lym-I was labeled predominantly 
on the light chain, while the other Abs tested were 
labeled predominantly on the heavy chain (Fig. 9). By 
excising and counting the heavy and light chain bands, 
it was determined that 63-72% of the Lym-J label was 
on light chains, while this fraction was 36%, 24 37%, 
25-26%, 26-27% and 33% for Abs YD-I, YE2/36, 
TDR3I.I, EDU-I and L243, respectively. This differ- 
ence was observed repeatedly, using different labeled 
preparations of the same individual Abs, and must be 
attributed to randomly dispersed tyrosines that are 
particularly susceptible to iodination. Since the data 
presented suggest that only Fab-like fragments are 
released, the labeling site on the Ab molecule clearly 
can have an impact on the processing pathway 
observed. Another possible relevant difference between 
Abs is in the affinity of the Fab-like fragment for anti- 
gen: possibly a high-affinity Fab would not dissociate 
as readily from the cell surface, so would be less abun- 
dant in the supernatant. A prediction from this hy- 
pothesis is that Fab-like fragments would be found in 
cell extracts, and therefore cell extracts were analyzed, 
at 21 and 45 h, using L243 bound to Raji and Ramos. 
Bound Fab-likc fragments were not observed (data not 
shown). 



3.6. Site-specific labeling of Abs 

We have performed two types of experiments to in- 
vestigate the possibility that the results of processing 
experiments may depend critically on the location of 
the radiolabel on the Ab. The first and simplest exper- 
iment was to use a F(ab')2 Ab fragment, and this was 
performed with L243. If the key property of Lym-I is 
the predominant labeling on the Fab portion of the 
molecule (actually the light chain), then it would be 
predicted that the labeled F(ab')2 fragment of L243 
would behave similarly to Lym-1. However, this was 
not the case. The L243 F(ab')2 was tested on Raji, 
NC-37 and Ramos, and generally was processed very 
similarly to the intact Ab in regard to the extent of 
fragmentation and the release of fragments (data not 
shown). We can conclude that the difference between 
Lym-1 and L243 is not due only to the preferential 
light chain labeling of Lym-I. Another prediction, 
however, was confirmed, namely that the amount of 
catabolism of the F(ab')2 fragment to low molecular 
weight end-products would be reduced (relative to the 
catabolism of the whole Ab), since the Fc fragment 
was expected to undergo more complete catabolism 
than the Fab fragment. This was observed with both 
cell lines tested, Raji and Ramos. For example, with 
Ramos cells, 19.8% of the whole Ab bound to Ramos 
cells was catabolized in 2 days, and this value was 
reduced by 71%. to 5.8% catabolism in 2 days, when 



the F(ab')2 fragment was used, (data not shown). This 
difference was statistically significant {p < 0.01). 

A second experiment was to specifically label the Fc 
region by carbohydrate-directed labeling, and this was 
performed with Lym-1. This is predicted to drastically 
alter the processing observed, in that there should be 
no release of detectable Fab-like fragments, and a 
much greater level of catabolism. Unfortunately, the 
label which we were equipped to put on the carbo- 
hydrate was '"in-benzyl-DTPA, which is a residualiz- 
ing label. Unlike the conventional label, 
residualizing labels are trapped within cells after cata- 
bolism of the Ab to which they were attached (Shih et 
al., 1994), although with some ver>' slow release of the 
label from the cell. Therefore, it would be predicted 
that this label would gradually accumulate in the cells, 
as the Lym-1 was fragmented. This result was in fact 
observed. Furthermore, the supernatant in this exper- 
iment contained no detectable Fab-like fragment, 
when analyzed by both gel filtration HPLC and SDS- 
PAGE (data not shown), which supports the model 
suggested. 



4. Discussion 

The unique processing pathway of Lym-1 is likely to 
be related to the function of the antigen recognized, 
which has been recently reviewed (Cresswell, 1994; 
Watts, 1997). Newly synthesized MHC class II mol- 
ecules are loaded with antigenic peptides inside the 
cell, but after reaching the cell surface can recycle, in 
order to replace the bound peptides with new ones 
(Pinet et al., 1995; Watts, 1997; Zhong et al., 1997). 
Thus, the recycling molecules are likely to traverse a 
mildly proteolytic compartment, which could generate 
Fab-like fragments from Abs. While many other Abs 
may undergo a transient conversion to Fab-like frag- 
ments, these would normally be rapidly degraded in 
lysosomes (Grey et al., 1982), and would not be 
released into the medium. It is the recycling of the 
class 11 molecules that brings the Fab fragments (prob- 
ably still bound to the antigen) back to the cell sur- 
face, from where they dissociate into the medium. The 
monovalent Fab-like fragment will, of course, dis- 
sociate much faster than an intact bivalent Ab. The ca- 
pacity of this pathway was measured directly to be 
approximately 5 x 10^ Ab molecules per cell per day, 
which, although high, is far (approximately 5-fold) 
below the rate of internalization of MHC class II mol- 
ecules on B lymphoblastoid cells estimated by Reid 
and Watts (1990). This might be attributed to the fact 
that only a fraction of bound Lym-I molecules are 
cleaved on a transit inside the cell and back to the sur- 
face. Another explanation may be that not all antigen 
molecules arc bound by Abs before they are interna- 
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lized. The oihcr unusual aspect of Lym-l processing, 
the high level of dissociation of intact Ab followed by 
re-binding, cannot be readily explained at this time. 
This was seen most dramatically with NC-37, but also 
was clearly detected with Raji by SDS-PAGE analysis. 
While some rebinding occurs with many Abs, it is gen- 
erally a minor effect (Hanna et al., 1996; Kyriakos et 
al., 1992). 

The release of large fragments of Lym-l from Raji 
target cells was described previously by Wang et al. 
(1989). These authors analyzed only a 6 h time point, 
and did not characterize the fragments. They also 
found relatively large amounts of cpm at the void 
volume of a gel filtration column, in their analysis of 
the spent medium, which they interpreted to be anti- 
gen-Ab complexes. Such large complexes were not 
observed in our experiments. The reason for this dis- 
crepancy is not known, but there were technical differ- 
ences in the methods used, including different 
temperatures for the initial Ab binding incubation. 

The issue of disulfide bond reduction requires 
further discussion. We have demonstrated that the 
fragments of Lym-l released into the medium have 
lost virtually all interchain disulfide bonds. The intra- 
chain disulfide bonds are certain to be still intact, 
although we did not demonstrate this directly, since: 
(I) Recognition by antibodies indicates that the con- 
formation of the Fab-like fragment is still generally 
intact; this conformation shields the intrachain bonds 
from reduction (Stevenson, 1997); and (2) the free light 
chains and (presumptive) Fd fragments had signifi- 
cantly grcater mobility in SDS-PAGE unreduced than 
after reduction (data not shown), a consequence of the 
intrachain disulfide bonds. Reduction of accessible dis- 
ulfide bonds is known to accompany intracellular pro- 
teolysis (Pisoni et al., 1990) and the generation of 
antigenic peptides (Collins et al., 1991), and there is 
some evidence that reduction can occur in a pre-lyso- 
somal compartment (Ruud et al., 1986, 1988), but we 
are not aware of previous evidence that recycling class 
II molecules encounter a reducing environment. 
Indeed, the data of Reid and Watts (1990) appear to 
indicate that recycling class II molecules do not 
encounter a reducing compartment, since the label 
they used would have been cleaved. Further exper- 
iments are required to resolve this discrepancy. It is 
possible that the pathway observed by Reid and Watts 
in the presence of primaquine was not a normal path- 
way, but it is also possible that the pathway observed 
here, after Ab binding to the class II antigens, is not a 
normal pathway, since Ab binding may afTect the 
transport of the antigen recognized. 

The preferential labeling of the light chain of Lym-l 
certainly facilitated the detection of this processing 
pathway. Considering the evidence that Fab-like frag- 
ments are released into the supernatant, while Fc-like 



fragments arc fully catabolized, just as occurs in the 
standard generation of F(ab')2 fragments from Abs by 
pepsin digestion (Lamoyi, 1986), predominant light 
chain labeling would cause enhanced detection of the 
Fab-like fragments in the supernatant, in comparison 
to other Abs. Another consequence would be higher 
levels of low molecular weight (TCA-non-precipi table) 
catabolites in the supernatant with other Abs than 
with Lym-l, since this material would be derived pre- 
ferentially from the Fc region, and this also was 
observed. It should be noted, however, that light chain 
vs heavy chain labeling does not completely predict 
Fab vs Fc labeling, since the heavy chain label could 
be either in the Fd portion or the Fc portion, and 
different Abs may vary also in this regard. The report 
of Nikula el al. (1995) suggested that many Abs iodi- 
nate preferentially in the variable region of the heavy 
chain, but their data were all obtained with a single 
Ab, and the proposed application to other Abs, based 
on the tyrosine content of different regions of the Ab, 
is speculative. 

It also seems likely that the Ab subclass, and species 
of origin, may strongly affect the susceptibility of the 
Ab to this type of fragmentation (Lamoyi, 1986). Two 
of the Abs tested were rat mAbs, YD-1 and YE2/36, 
which are both rat IgG2a. EDU-1 is a mouse IgG2b 
and TDR3LI is a mouse IgGl. Only L243 is a mouse 
lgG2a, like Lym-l. A major effect of Ab subclass on 
Ab fragmentation to Fab or Fab' fragments is well 
known (Lamoyi, 1986), and F(ab')2 fragments arc pro- 
duced more rapidly from mouse lgG2a than from 
mouse IgGl or IgG2b. Thus, we speculate that Ab 
subclass differences play some role in the variation 
between Abs observed. However, since Lym-l and 
L243 did not behave identically, Ab subclass is not the 
only factor involved. Individual Abs of the same sub- 
class sometimes display major differences in fragmenta- 
tion properties (Lamoyi, 1986). In addition, the 
epitope specificity of the Ab can affect its processing, 
as was described with anti-IgM Abs reacting with B- 
cells (Ruud et al., 1989). The epitope recognized may 
affect the accessibility of the Ab to proteases, and may 
also affect the conformation of the bound Ab, es- 
pecially if the Ab binds bivalently. The conformation, 
in turn, will affect susceptibility to proteases. 
Considering that Lym-l was the only Ab tested that 
reacts with a polymorphic epitope, it is reasonable to 
suggest that Lym-l may be the only Ab that reacts 
with the variable portion of the class II molecule. 
However, the competitive binding experiments demon- 
strated that two of the other anti-class II Abs bound 
to the same epitope as Lym-l. Still, subtle differences 
in the epitope recognized cannot be excluded. AH of 
these factors, individually, are likely to impact upon 
the degree of fragmentation observed. In any case, the 
results with EDU-1 and L243 demonstrate that Fab- 
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like fragmentation and release is not limited to the 
Lym-I/Raji system, although the level observed with 
Lym-1 and Raji appears to be exceptionally high. 

The processing of certain (but not all) anti-IgM Abs 
by B-cell lines has superficial similarities to the proces- 
sing of Lym-I, in thai large fragments were released 
into the medium (Ruud et al., 1986, 1989). The frag- 
ments present inside the cell were partially reduced, 
and, although not directly addressed, it is likely that 
the fragments released into the medium were also par- 
tially reduced. However, there are basic differences 
between these two systems, as follows. 

1. With anti-IgM, only a small fraction of the released 
TCA-precipitable cpm was on the fragment, with 
the majority being on intact Ab, in contrast to 
results with Lym-1. 

2. The fragments of anti-IgM released were approxi- 
mately 15,000 Da, smaller than Fab fragments, Fd 
fragments or light chains. 

3. The experiments of Ruud et al. extended for only 
4 h. while Lym-1 fragmentation is much slower, and 
only clearly detected at 21 h. 

The release of Lym-1 fragments from target cells must 
constitute a disadvantage in the use of Lym-I for 
RAIT, if the radiolabel is on the Fab-like fragment 
released. However, despite the high level of dis- 
sociation, and despite the generation and release of 
fragments, a considerable fraction of bound Ab is 
retained by the target cells for prolonged periods. 
Thus, Raji retains approximately 40% ^ of the cpm 
delivered by Lym-1 after 2 days, as shown in Fig. 1. 
Our data suggest that the uptake and retention by B- 
cell lymphomas of a radiolabel on Lym-1, or other 
anti-class 11 Ab, will depend on the particular Ab, the 
nature of the label, and the conjugation site on the 
Ab. 
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Direct ^^Tc Labeling of Monoclonal 
Antibodies: Radiolabeling and 
In Vitro Stability 
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Direct labeling involves '^Tc binding to different donor groups on the protein, giving multiple binding 
sites of various affinities resulting in an m vivo instability. The stability has been considerably improved 
by activating the antibody using a controlled reduction reaction (using 2-aniinoethanethiol). This reaction 
generates sulfhydryl groups, which are known to strongly bind ''"Tc. The direct '^Tc antibody labeling 
method was explored using whole antibodies and fragments. Analytical methods were developed for 
routine evaluation of radiolabeling yield and in vitro stability. 

Stable direct antibody labeling with ^Tc requires the generation of sulfhydryl groups, which show high 
affinity binding sites for ''"Tc. Such groups are obtained with 2-aminoethanethiol (AET), which induces 
the reduction of the intrachain or interchain disulfide bond, with no structural deterioration or any loss 
of immunobiological activity of the antibody. The development of fast, reliable analytical methods has 
made possible the qualitative and quantitative assessment of technetium species generated by the 
radiolabeling process. Labeling stability is determined by competition of the ''°*Tc-antibody bond with 
three ligands, Chelex 100 (a metal chelate-type resin), free DTPA solution and 1% HSA solution. 

Very good ''"Tc-antibody stability is obtained with activated IgG (IgGa) and Fab' fragment, which 
makes these substances possible candidates for immunoscintigraphy use. ^ 



Introduction 

Among the radionuclides currently used in nuclear 
medicine, '^Tc is the most suitable element for 
itnaging applications, due to its nuclear properties 
(radiation energy £ = 140 keV, half-life = 6.02 h) 
and its availability from a generator. However, when 
used in direct-bonding to an antibody, this radio- 
isotope has major disadvantages: ^Tc is linked to 
the antibody through sites of two different types (Paik 
et ai, 1985): low-affinity, high-capacity sites (COOH, 
NH^ . . . groups) giving unstable in vivo compounds 
which undergo a transchelation process with plasma 
proteins, and high-affinity, low-capacity sites with 
ho transchelation. Steigman et ai (1975), and later 
Paik et ai (1985) have shown the high-affinity sites to 
be correlated with the presence of free sulfhydryl 
-groups on the antibody. Several authors (Shwarz and 
Steinstrasser. 1987; Pak et ai, 1989; Takhur, 1990), 
have used controlled reduction reactions to generate 
such -SH groups, through incubation of antibody with 
a reducing agent (e.g. dithiothreitol, 2,3-dihydroxy- 
butane-l,4-dithiol, j9-mercaptoethano]). This activa- 
tion technique has, been applied to anti-CEA IgG 
antibody and to Fab' fragment using 2-anuno- 
ethanethiol(AET). ''"Tc antibody labeling was carried 



out under homogeneous phase conditions, using tin 
pyrophosphate kit to reduce pertechnetate. At the 
same time, heterogeneous phase labeling was under- 
taken, using stannous ion as reducing agent. Simple, 
fast and reliable analytical techniques were developed 
to assess radiolabeling efficiency and ^Tc antibody 
stability. 

Materials and Methods 

Antibodies 

Anti-carcinoembryonic antigen (aCEA) (whole anti- 
CEA, IgG: CIS bio international) 10 mg/mL solution 
in 0.1 M phosphate pH 7.0 buffer. Anti-CEA FabJ 
antibody, 10 mg/mL solution in 0.1 M phosphate 
buffer pH 7.0. 

Chemical Antibody Activation 

IgG whole antibody was activated by a controlled 
reduction reaction. To 500 //L of a CEA solution 
(10 mg/mL) were added 125 ^L of 0.5 M phosphate 
buffer, 5mM EDTA. pH6.0. and 50AiL of a 2M 
2-aminoethanethiol (AET, Sigma) in 0. 1 M phosphate 
buffer. 5 mM EDTA, pH 6.0, solution: QAETl/PgG] = 
3000). After 30 min room temperature, time-activated 
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IgG (IgGa) solution was purified by gel filtration (using 
HR 200 Sephacryl 1.6 x 30 cm Pharmacia column) 
and diafiltered (Filtron. NMWL with 10.000 Da 
membrane cut-oflf), then concentrated to 5-10 mg/ 
mL in 0. 1 5 M NaCI. Fab' fragments were obtained by 
a controlled reduction reaction of Fab2 fragment' 
using AET for 2 h 30 min in the same buffer at a 
molar ratio [AET]/[Fab^] = 2000. After purification 
using HR200 gel filtration with 0.1 M phosphate 
buffer. 5mM EDTA. pH6.0, Fab' solution was 
stored at 4°C in the same buffer at 5-lOmg/mL 
concentration to prevent any recombination. 

Antibody Analysis 
Antibodies were analyzed before and after the re- 
duction step, using the following methods: 

— High performance gel filtration chromatography 
system. using a TSK 3000 column (30 x 0.75 cm. 
HPLC System, Pharmacia). 20 ptg of antibody 
samples were eluted with a 0.07 M (0.15 M NaQ) 
phosphate buffer. pH 7.4, at 1 mL/min flow-rate 
and monitored by u.v. detection (LKB). 

— Antibody concentration was measured by u.v. ab- 
sorption at 280 nm (Shimadsu u.v. 160 detector). 

— SDS-PAGE electrophoresis under nonreducing 
and reducing conditions, over a 10-15% gradient 
polyacrylamide gel (Phast System Pharmacia). 
IO|iL of antibody (1 mg/mL) was loaded on the 
gel. Following 30 min migration time in 0.2 M 
Tris-gJycine, buffer 0.55% SDS. pH8.1, the 
antibody was revealed by the Cooniassie blue 
dye method. 

— Number of -SH groups generated was deter- 
mined using Ellman's method. To 0.01 //mol 
of antibody, 0.1 y.mo\ of Ellman's reagent was 
added in 0.1 M bicarbonate buffer. pH 8.0. 
Sulfhydryl group concentration was determined 
at 412 nm absorbance using the molar extinction 
coefficient of the released anion. 13.600 M"* 
cm-', pH8.0. The total labile disulfide bonds 
(i.e. reducible without denaturation of antibody; 
Mage and Harrison. 1966) was obtained using 
AET at concentrations ranging from 2 to 6 M 
during 30.120 min and 24 h. 

— The reaction was also carried out in denaturing 
conditions (IgG samples were treated with 2.5% 
SDS, 5% mercaptoethanol at 100*^0 for 4 min). 
In this condition other disulfide bonds are avail- 
able to the reducing agent. The samples were 
purified by gel filtration (PDIO: Pharmacia) and 
the nunfiber of -SH measured. 
— To determine antibody immunoreactivity, a 
sandwich-type technique was used (Kit ELSA 2 
CEA; CIS bio international). The method consists 
of a competition between antibody being evalu- 
ated and anti-CEA »^I (from the kit) with respect 
to CEA antigen. Decreasing quantities (100 ^^L 
of 10-*-10~^ dilutions obtained from 1 mg/mL 
solution) of antibody evaluated (IgG, IgGa, 



Fab^, Fab') were incubated at 37'*C for 3 h with 
300 //L (10 ng) of anti-CEA '"I and 100 
(20 units) of antigen. For each dilution, the 
amount of radioactivity bound to the multifinned 
stick was counted. The ratio of bound radio- 
activity to total radioactivity (B/T) was read on 
the semi-logarithmic curve as a function of the 
dilution. Antibody titre was given by the dilution 
value corresponding to 50% inhibition. 

Radiolabeling of Intact Antibody 
and Fab' Fragment 

Homogeneous phase process labeling 

^Tc eluted from the generator (CIS bio inter- 
national) in the form of pertechnetate C^TcO^ ) was 
reduced by stannous ions, the reagent used was a 
tin pyrophosphate salt in a NaCI isotonic solution, 
that had been previously lyophilized (Bardy et al, 
1975). The initial quantities of tin chloride dihydrate 
and sodium pyrophosphate decahydrate present in 
the solution were, respectively. 0.048 and 1.16 mg.* 

1 mg of antibody (10 mg/mL solution) and '^Tc04- 
solution (final activity = 37 MBq/mL) were added 
to the vial containing the lyophilized product. The 
reaction time was 1 h at room temperature and the^ 
final, volume 1 mL. 

Heterogeneous phase process labeling 

The reduction system consisted of a 2 mL silica resin 
(Prolabo Actigel) saturated with stannous ions. This 
heterogeneous process was developed 10 years ago iii 
our laboratory (Pasqualini et al., unpublished) in order 
to obtain methylene diphosphonate (MDP) labeled 
with low stannous ion content. Experiments with 
'"Sn showed us that MDP was labeled with '^"Tc 
(3 mg of MDP with 740 MBq) with only 35 //g of 
stannous ions in the final solution. The uncpmplexed 
technetium (15%) was firmly retained on the silica 
column. This method also works for DTPA. DMSA 
and o.ther usual radiopharmaceutical Ugands. Basically- 
tin fluoride solution (I mg of a 5 mg/mL solution in 
10"^ N HQ) was absorbed on the r^in. Stannous ions 
not taken up by the resin were removed by washing' 
with 0.15 M NaCI solution. A sample containing 
1 mg antibody and '^TcOr (37 MBq) was deposited 
on the column and eluted by 0.15 M NaCI. 0.5 mL2i|| ' 
fractions were collected and their radioactivity^ 
measured with an ionization chamber. The amount of 
antibody collected in the fractions was measured by 
absorption at 280 nm after radioactivity decay. 



Labeling yield determination 

Two techniques were used to identify the various' 
products formed during the reaction. A thin- layer 
chromatography (ITLCSG Gelman), using methyl- 
ethylketone (MEK) as solvent, to determine the 
percentage of unreduced ^TcO^ . This method, how- 
ever, did not permit separation of '^Tc-pyrophos- 
phate from '^Tc-antibody. This was possible using 
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Fig. I. SDS-PAGE (10-15%) under nonreducing conditions. Gel was Coomassie blue stained. Samples: 
A, no activated IgG; B. activated IgG (IgOa); C, Fabj; D, Fab'; E. LMW calibration kit protein standards. 
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1^ the centrifugal ultrafiltration technique (Amicon, 
CF50 or CF25). After centrifugation at 4000 rpm for 
20min, membrane radioactivity was measured. The 
membrane retained the entire radioactivity associated 
with antibody. ''"'Tc-pyrophosphate and ^TcOi' 
were filtered (10% of ^Tc radioactivity was ab- 
sorbed by the membrane). 

Radioimmunoreactivity of antibodies labeled with ^ Tc 

Radioimmunoreactivity was measured by affinity 
chromatography on a Sepharose 4B conjugated with 
carcinoembryonic antigen (CEA) in a ratio of 5000 
units for 1 g of Sepharose. 100/iL of the phase were 
deposited in an Eppendoif tube. 100 |iL of 0.05 M 
phosphate buffer, pH 7.4, and 100 /iL of radiolabeled 
antibody solution (2 ng) were added to the phase. In 
another tube, nonspecific fixation was calculated by 
saturation of antigenic sites with cold antibody. After 
1 h of stirring, the unfixed fraction was removed by 
centrifugation at 12,000 rpm. The immunoreactivity 
percentage was determined by the ratio: 

radioactivity fixed on the Sepharose 

%IR = — — X 100. 

total radioactivity 

Animal biodistribution 

Athymic female nude mice (NMRI/nu-nu/RJ back- 
ground) were injected (s.c.) in the right flank with an 
LS174T colorectal carcinoma cells suspension (2.5 x 
10^ cells in 0,1 mL saline). Two weeks after injection, 
LS174T tumors had grown up to an average of 0.4 g. 
Tissue biodistribution was performed after i.v. injec- 
tion in the tail vein of 4-10 /ig of ^ Jc-labeled whole 
antibody or fragment Fab' (3.3 MBq). Respectively 2, 
6 and 24 h after injection 3 animals were sacrificed, 
and organs were weighed and counted in a y counter 
(Packard 500). Biodistribution data were expressed as 
percent of injected dose per gram of organ. 

Investigation of Tc -Antibody Bond Stability 

Competition with the Chelex 100 chelating resin 

Chelex 100 is a styrene divinyl benzene copolymer 
having iminodiacetate functions capable of chelating 
metal ions (Barker et aL, 1979; O'Keef e/ a/., 1980). 
When in competition with ^Tc-IgG, ^Tc-IgGa or 
'^Tc-Fab', Chelex 100 displaces the '^Tc bound to 
antibody low-affinity sites. The radioactivity associated 
with antibody after competition represents the '^Tc 
linked to high-affinity sites. Competition studies be- 
tween ^Tc-antibody solution and 100 mg of Chelex 
100 were undertaken in hemolytic tubes. Prior to use, 
the resin is converted to sodium salt form by flushing 
with 0.5 M NaOH, then washing with water. The 
exchange reaction occurred at two pH levels (7.2 and 
8.4) at room temperature in 30 min. Following separ- 
ation by centrifugation, the radioactivity retained by 
the resin and present in the supernatant was deter- 
mined. High-affinity site determination corresponded 
to the radioactivity present in the supernatant fraction 
multiplied by the labeling yield. 



Competition with DTPA 

Diethylene-triamino-pentaacetic add (DTPA) has 
a strong chelating effect on ''"'Tc. To investigate the 
transchelating process, ''"Tc-IgG, ''"Tc-IgGa, and 
''"Tc-Fab' (0.5 mg) solutions were incubated for 6 h 
with a DTPA/antibody at a molar ratio of 1(M)0. The 
exchange reaction between antibody and DTPA was 
investigated for pH values from 7.2 to 9.4. Reaction 
products were analyzed by ITLCSG in aceto- 
nitrile : HjO (3 :2) chromatographic system. Rf values 
are: ''"Tc-antibody = 0.0. '^Tc-DTPA = 0.5-0.6, 
''°'TcO4- = 1.0. 

Stability studies in presence of human serum albumin 
(HSA) 

''"Tc-antibody bond stability was measured in 
competition with 1% HSA solution. lOOpL of anti- 
body (lOmg/mL) was added to 50/iL of 20% HSA 
solution. The final volume was brought to 1 mL by 
the addition of 0.15 M NaCI solution. The solution 
was then incubated at 37°C and 20 aliquots were 
analyzed at different times using high-performance 
anion-exchange chromatography (mono Q HR5/5; 
HPLC system, Pharinacia). The solution was eluted 
with sahne gradient: 20 mM Tris buffer, pH8.0, to 
20 mM Tris buffer, 1 M NaCl, pH 8.0, in 15 min, at 
1 mL/min flow-rate and monitored by u.v. and radio- 
activity detectors. In this system IgG and IgGa were 
eluted at 0.16 M NaCl, and Fab' at 0.1 M NaCl. HSA 
was eluted in the form of two peaks corresponding, 
respectively, to 0.23 and 0.36 M NaCI. 



Results 

Antibody analysis 

HPLC analysis. The etution peaks of native, whole 
IgG and IgGa were detected at 8.16, 8.51 min for 
fragment Fab2 and at 9.55 min for Fab'. 

SDS analysis. The above results were confirmed by 
electrophoresis, a more sensitive method which showed 
only one migration band for each antibody form 
investigated (Fig. 1). 

'SH measurement, (a) Under nondenaturing con- 
ditions: the average number of sulfhydryl groups 
generated in 30 min with a ratio of [AET]/ 
[IgGa] = 3000 was 4.30 ±0.30 per IgG mol and 
2.20 ±0.19 per Fab' mol. The highest number of 
labile sulfhydryl groups recovered was 8.0 for a ratio 
of [AET]/[IgGa] = 9000 at 120 min. (b) Under dena- 
turing conditions: the average number of sulfhydryl 
groups generated in these conditions was 21.0 per 
IgG mol. 

Immunoreactivity 

Results showed that immunoreactivities of whole 
antibody IgG and IgGa were 16.5 and 18 ng, 
respectively. Fragment Fab' and its precursor showed 
respective inmiunoreactivities of 134 and 63 ng. 



700 



J. Y. Garron et ai. 



Tabic 1. Results of direct ""To-antibody labeling using homogeneous phase process 



\. Labeling 












^^^flfcicncy 


""To-Antibody 










X {%) 








«°Tc04-t 


Antibody\ 


Te-Pyro.* 


'^"TcO/' 


'*'Tc-antibodyt 


'*=Tc-Pyrot 


IgG 


95(94-96) 


5.0(4,0^.0) 


■ 31.6(30.2-33.8) 


63.5(61.6-65) 


4.8(4.6-5.0) 


IgGa 


99,1(98.5-99) 


0.9(0.2-1.5) 


98.1(98-98.4) 


0.93(0.5-1.7) 


0.92(0.27-1,5) 


Fal^ 


64.5(54-62.4) 


35.23(22-^) 


29.1(18-29.6) 


41.16(30-59.8) 


29.9(22.1-37.7) 


Fab' 


92,2(99-99.3) 


0.86(0.7-1.0) 


98.2(97.2-94.4) 


1.0(0.56-1.8) 


0.68(0.04-1.0) 



The results are expressed as the average and range of triplicate experiments. 
•Results obtained on ITLCSG with MEK. 

fRcsulU obtained by ultrafiltration on CF50 (whole Ab) or CF25 (fragments) membranes. 




6 8 10 
Minutes 



Fig. 2. High performance gel filtration chromatography TSK 3000. Elution in 0.07 M phosphate buffer, 
pH 7.4: 20 /ig antibody injection. ! mL/min flow-rate. (A) IgG elution profile at 280 nm; (A') IgG radio- 
activity elution profile (elution efficiency >95%); (B) IgGa elution profile at 280 nm; (B') IgGa radioactivity 
elution profile (elution effidency >95%); (Q Fab' elution profile at 280 nm; (C) Fab' radioactivity elution 

profile (elution efficiency > 95%). 
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Table Z Results of direct '*=*Tc-amibody labeling using hetero- 
genous phase process 



^^^^ Labeling 






^^^cffidcncy 


'^^To-anUbody (%) 




Antibody ^\ 


'»°Tc04 (%) 


IgG 


98.6(98.0-99.0) 


1.33(1.0-2.0) 


rgGa 
Fab; . 


99.0(99.0-99,0) 


1.0(1.0-1.0) 


40.6(39.0-43.0) 


59.3(57.0-61.0) 


Fab' in 5 mM EDTA 


66.5(60.0-73.0) 


3.0(2.0-4.0) 



imcnts. 
Labeling 

Labeling of IgG and its fragments with ^Tc was 
attempted, using tin pyrophosphate. Concentrations 

*of SnQa-ZHjO (0.048 mg/mL) and Na^PiO;- IOH2O 
(1.16mg/mL) were optimized to give the highest 
labeling efficiency. Afler 1 h antibody incubation time 
with reducing agent and '^Tc04" , ITLCSG chroma- 
tography and membrane filtration showed an average 
labeling of 31.6% for IgG, 98.1% for IgGa, 29% for 

^Fab2 and 98.2 for Fab' (Table 1). These results were 

tcpnfirmed by HPLC analysis (Fig. 2). Antibody 
radiolabeling with ^Tc by elution in a tin saturated 

'^silica column gave the following results expressed in 

^jable 2. 

The results should be compared with those obtained 
*by the homogeneous phase labeling method using tin 
pyrophosphate. Labeling efficiency was the same with 
IgGa. When using the silica labeling method, IgG 
showed a markedly higher yield (99% instead of 
*31.6%). Buffer of fragment Fab' contained 5mM 
EDTA, this latter chelated '^Tc (30.5%) when pass- 
^ing over the resin. In the case of Fabj, labeling 
efficiency was slightly greater in the heterogenous 
[process labeling, although it remained low. 

Effect of^ Tc labeling on immunoreactivity. Radio- 
jmmunoreactivity is not affected by '^Tc; the values 
are 90% for ^Tc-IgGa against 88% for '^'I-IgGa. 
As radiolabeling with "'I is the better-known process, 
lit will be taken as reference (*^'I-antibody labeling 
was carried out using the iodogen method). The 
immunoreactivity of ''"Tc-Fab' was 87% compared 
to 82% obtained with '^'I-Fab'. 

\^ Tc-antibody bond stability ^ 

Competition with iminodiacetate groups. '^'Tc-IgG, 
'^Tc-IgGa and ^Tc-Fab' competition with Chelex 
^ 100 resin showed that an equilibrium exchange was 
reached with 100 mg of resin (Fig, 3). Antibody con- 




25 
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Fig. 3. ""Tc-antibody bond stability studies by competition 
with Chelex 100. — O— '^c-IgCa: heterogeneous or 
homogeneous process labeling; • - ""Tc-Fab': homo- 
geneous process labeling; - A—. ''"Tc-IgG + ""Tc- 
Pyro. +TCO7: homogeneous process labeling; — ■ — , 
''°Tc-IgG: heterogeneous process labeling. 



centration remained unchanged during incubation 
with resin. Theoretically the iminodiacetic groups on 
resin are able to bind heavy metals strongly. Firstly 
we determined '^TcO^ and "reduced" '^Tc- 
pyrophosphate absorption. ^Tc04" uptake was high 
with an average of 18% (16-26% range). ^Tc- 
pyrophosphate uptake was higher 55% (52-66%) but 
this was not very surprising because of the known 
exchange properties of this product. 

For ^Tc-antibody labeling obtained by use of the 
pyrophosphate kit, the percentages of radioactivity 
exchange were respectively. 62, 20 and 23% for IgG, 
IgGa and Fab' (Fig. 3). A second competition dis- 
placed only 1% of the radioactivity. Considering the 
labeling yield achieved, it appeared that, for IgGa and 
Fab' fragment, the only activity which can be displaced 
is that associated with the antibody, whereas in the 
case of IgG, where the labeling efficiency is only 
31.6%, the radioactivity uptake by the resin is also 
due in part to ^Tc-pyrophosphate and TCO4" 
present in the initial solution. If we take into account 
the nonspecific absorption ('^Tc04", '^Tc-pyro- 
phosphate) we conclude that Chelex displaced only 
5% technetium radioactivity from the IgG. 



Table 3. ''"Tc-antibody labeling stability study by competition with 100 mg of Chelex 100. High-aiiinily sites percent 

determination 



Antibody 




Labeling using 
pyrophosphate kit 






Labeling using 
Sn silica column 




-SH/Ab 


Eff.» 


'^Tc- . 
antibody 


HASt 


Eff.* 


antibody 


HASt 


IgG 


31.6% 


95% 


30% 


98.6% 


30% 


29.6% 




IgGa ■ 


98.1% 


80% 


78.5% 


99% 


80% 


79.2% 


4.30 ±0.30 


Fab' 


98.2% 


75% 


73.6% 


ND 


ND 


ND 


2.20 ±0.19 



♦Labeling efficiency. 
tHigh affinity sites. 
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Tissue 



Table 4. Biodistribution of "^^Tc radiolabcicd antibodies in nude mice, obtained 2, 6 and 24 h after injection 

% Injected dose/g 



°Tc-IgG 



=»Tc-IgGa 



'*='Tc-Fab' 



2h 



6h 



24 b 



2h 



6b 



24 b 



2h 



6h 



24 h 



Blood 
Uvcr 
Kidneys 
Tumor 
Urinary 
clearance 



4.20 ±0.53 2,20 ±0.55 0.50 ±0.10 24.7 ± 4.60 21.8 ±1.71 8,60 ±0.95 13.2 ± 1.48 3.90 ± 0.53 0.50 ±0.06 

15.6 ±5.64 1 1.0 ± 1.08 4.20 ±1.53 10.9 ± 1.99 8.80 ±4.07 5.30 ± 1.35 7.30 ±0.81 5.60 ± 0.88 2.00 ±0.50 

7.50 ±1.56 4.90 + 0.76 1,60 ± 0,76 9.40 ±1.97 14.8 ± 7.02 6.60 ±0.90 75.4 ±8.79 5.20 ±11.69 20.0 ±2.72 

0.60 ±0.1 5 1,20 ± 1.13 0.30 ±0.01 2.70 ± 1.04 3.60 ±0.81 6.60 ±2.50 6.30 ±0.25 4.30 ±0.1 6 4.50+1.09 

38.1 ±1.17 4.01 ± 4.40 59.9 ± 6.85 12.9 ± 1.65 12.4 ± l.OI 33,6 ± 4,48 36.7 ± 2,47 48.0 ± 5.25 77.5 ± 5.59 



Mean ± SD for 3 animals. 



For ''"To-antibody labeling under heterogeneous 
phase conditions, study showed the same exchange 
profile for IgGa, losing about 20% of its radioactivity, 
whereas the uptake from IgG was 70% (Fig. 3). 
Percentage calculations for high affinity sites gave 
30% for IgG, whereas the percentages were 79 and 
73%, respectively, for IgGa and Fab' (Table 3). 

Competition in the presence of DTP A, Dissociation 
of technetium radioactivity from antibody under 
excess DPTA was greater at pH 8.4 than at pH 7.5. 
The radioactivity associated to antibody labeled using 
tin pyrophosphate was (after 6 h of competition) 90Vo 
for IgG, 98% for IgGa and 97% for Fab'. When 
antibody was labeled by the heterogeneous phase 
reduction method, the values obtained were, 97 and 
60%, respectively, for IgGa and IgG. 

Competition with HSA, *^Tc-antibody incubation 
with HSA at 37°C confirmed the above results, 
showing a very high stability of '^Tc-IgGa and 
^Tc-Fab' bonds. 13 and 20% were respectively lost 
during 6h competition study. IgG retained only a 
total of 9% of its initial radioactivity. 

In vivo biodistribution 

The biodistribution data are summarized in 
Tables 4 and 5. 

The results in Table 5 showed that in mice the time 
24 h after injection gave the better tumor/organ ratio. 
At this time, ^Tc-IgG and '^Tc-IgGa disclosed 
significant differences in tissue radioactivities. For 
^Tc-IgGa we obtained 6.6% of injected dose/g 
(%ID/g) in tumor and 8,6%ID/g in blood; for ^Tc- 
IgG we obtained 0.3%ID/g in tumor and 0.5%ID/g 
in blood (Table 4). The lowest tumor uptalce and 
blood activity and the highest level of urinary 
clearance obtained with *^Tc-IgG demonstrated 
the lability of the '^Tc-antibody bond when '^Tc 
reacted with intact nonactivated antibody. 

The level of tumor uptake was almost the same for 
^Tc-IgGa and '^"Tc-Fab'. The lower blood activity 



for the latter did not reflect instability of the ^Tc 
bond but was the result of a fast fragment Fab' blood 
clearance. Also for this compound an accumulation 
in the kidneys of 20%ID/g and a higher urinary 
excretion of 77%ID/g were noticed. 

Discussion 

Sulfhydryi groups account for the existence of high 
affinity sites. A number of methods can be used 
to improve labeling yield and '^Tc-antibody bond 
stability. To avoid the problem of low affinity sites 
Paik et ai (1985) labeled IgG and fragment Fabj with 
stannous ions in the presence of DTPA. This method 
has the disadvantage of producing '^Tc-IgG and 
''^Tc-Fabj which are stable in low yield (i.e. 24 and 
16%, respectively). The authors then used a two step 
reaction (Paik et a!., 1986) which consists initially 
of a labeling phase in the presence of stannous ions, 
and then subsequent competition with free DTPA. The 
stable labeling percentage thus obtained was 54.5% 
for Fabj and 70% for IgG, Rhodes et al. (1986) used 
the pre-tinning method, which consists of generating 
SH groups from the disulfide bridges present on the 
antibody, by 21-h incubation with the reducing agent 
(stannous ions); a high degree of labeling stability is 
shown for IgG (Hawkins et ai, 1990). 

The method used in our work is based on the 
generation of -SH groups for IgG and Fab' through 
a brief controlled reaction. The two antibody radio- 
labeling investigations performed under homogeneous 
and heterogeneous processes have shown the efficiency 
of our quality control to determine the labeling yield 
and to establish a relation between the sulfhydryi 
groups and the stability of the ^Tc-bond. 

Heterogeneous phase labeling results indicate that 
in the absence of complexing anion, even one with 
low chelating power like pyrophosphate, the IgG 
labeling is high (98.6%) but very unstable. Following 
incubation with Chelex 100 resin, the radioactivity 



Table 5. Biodistribution of '*"Tc-antibody: g tumor/g organ (T/O) ratio determination 



gTumor/g 
^rgan - 

Time (h) 



Tumor/blood 



Tumor/liver 



Tumor/kidneys 



"Tc-lgG '^"Tc-IgGa '^"Tc-Fab' 



2 
6 

24 



0.15 ±0.01 
0.22 ±0.01 
0.83 ±0.1 3 



0.1 2 ±0.03 
0,14 ±0.02 
0.86 ±0.07 



0.47 ± 0.02 
1.11 ±0.16 
6.70 ±3.00 



"°Tc-lgG ^Tc-lgGa ^Tc-Fab^ ^Tc-IgG ^Tc-lgGa ^Tc-Fa b[^ 

0,05 ±0.01 0.29 ±0.07 0.05 ±0.25 0.07 ±0.01 0.35 ±0.07 0,08 ±0.00 

0.03 ±0.01 0,44 ±0.1 3 0.76 ±0.07 0,1 ±0.00 0,23 ±0,08 0.08 ±0,0 

0.07 ±0.01 0.90 ± 0.00 2,28 ±0.24 0.18 ±0.06 0.81 ±0.01 0.22 ±00^, 



Mean ± SD for 3 animals. 
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'*='Tc-Fab' " 


6h 


24 h 


3.90 ±0.53 


0.50 ±0.06 


5.60 ±0.88 


2-00 ±0.50 


5.20 ±11.69 


20.0 ±2.72 


4.30 ±0.16 


4.50 ±1.09 


48.0 ±5.25 


77.5 ± 5.59 
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umor/kidncys 



^Tc-lgGa ^Tc-FaK 

0.35 ± 0.07 0.08 ±0.00 

0.23 ± 0.08 0.08 ±0.01 

0.81 ±0.01 0.22 ±0.01^ 



remaining associated to antibody is only 30%. For 
IgGa the labeling yield is 98% but only 20% of '^Tc 
radioactivity is exchanged with the resin. 

Although the presence of pyrophosphate during 
labeling results in a 31.6% efficiency for IgG, only 
5% of the '^Tc-antibody radioactivity is exchanged 
after incubation with resin. The labeling yield is high 
for IgGa 98 and 98.2% for Fab', and the exchange 
is low: 20 and 23%. High affinity sites number is 
identical for both labeling methods, the average per- 
centage for IgG is 30%, a figure comparable with that 
of Paik et al (1985), whereas it is 79 and 80% for 
IgGa and Fab'. 

The results of competition with HSA show the 
exchange to be fast in the case of IgG: 20% in I h, 
as compared with 2 and 3% for IgGa and Fab'. After 
6 h, an equilibrium is reached: 90% of the '^Tc-IgG 
activity is exchanged with HSA, as compared to 13 
and 20%, respectively, for IgGa and Fab'. 

The stability of the ^Tc-antibody bond in the 
presence of DTPA excess at pH 8.4, shows that we 
have an exchange level of 40% for tin-labeled IgG, as 
compared with 10% in the case of pyrophosphate- 
labeled IgG and only 3% for IgGa. Unlike the com- 
petition with DTPA, the exchange levels obtained 
with resin and HSA are very close. The difference can 
be accounted for by the better chelating agent access- 
ibility when it is present in anionic form (Chelex). 

The high tumor uptake for IgGa and Fab' proves 
the stable ^Tc-antibody bond. So the generation of 
endogenous -SH is realised with no damage to the 
antibody immunological activity. These results are in 
agreement with the works of several authors (Schwarz 
and Steinstrasser, 1987; Pak et aL, 1989; Del Rosario 
and Wahl, 1989). This reaction with a ratio of [AET]/ 
[IgG] ==3000 allows in a short time (30min) the 
generation of 50% labile sulfhydryl groups. This 
amount 'represents only 20% of total -SH groups 
available in denaturing conditions. The labeling by tin 
pyrophosphate kit provides a high degree of stability 
and does not require post-labeling purification. Our 
quality control which consists of TLC chromatog- 
raphy and membrane ultrafiltration, is faster than 
previous methods which required the use of an 
elaborate molecular gel permeation chromatographic 
system (Pettit et al, 1980; Rhodes et aL, 1982; Dekker 
et aL, 1982). Using the Chelex 100 resin technique, 
the percentage of high affinity sites, reflecting labehng 
stability, can be quickly and easily determined. 

These results show that it seems quite realistic to 
introduce the use of '^^Tc-labeled IgGa and Fab' in 
routine immunoscintigraphic examinations. Clinical 
studies are currently in progress. 
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Percy. M. E.. Chang, L., Demoliou, C. & Baumal, R. (1979) The kinetics of in vitro rexoida- 
tion and reduction of the inler heavy-light chain disuliide bond in an unusual murine immuno- 
globulin G myeloma protein lacking inter-heavy chain disulfide bonds. Can. J. Biochem, 57, 
279-285 

After 5 years of subcutaneous transfer in Balb/C mice, our MOPC 173 myeloma tumour 
line (originally an lgG2a,jt HjLrproducer) exclusively synthesized an unusual ]gG2b,»f 
protein lacking inter-heavy (H) chain disulfide bonds. This protein was designated MOPC 
I73B. On sodium dodecyl sulfate - polyacrylamide gel electrophoresis, it migrated with an 
apparent molecular weight of 77 000; following complete reduction and alkylation, the 
mobilities of its constituent H and light (L) chains were found to differ slightly from those of 
MOPC 173 HtLt. MOPC 173B was serologically identical to another typical lgG2b,i£ mye- 
loma protein, -MOPC 195, and peptide mapping studies showed that it possessed only the 
inter H-L disulfide bond characteristic of typical !gG2b,ic proteins. In a nondissociating 
solvent, the sedimentation coefficient of the protein was 6.3S even at concentrations as low 
as 0.2 mg/ml, indicating that noncovalent interactions existed between two half-molecule 
subunits. Since this unusual IgG myeloma protein contained only a single category of inter- 
chain disulfide bridge, the inter H-L bond, it was an ideal model system for characterization 
of the kinetics of formation and reduction of interchain disulfide bonds. The kinetics of the 
glutathione-catalyzed reoxidation of the inter H-L disulfide bridge in MOPC 173B followed 
an apparent second-order rate equation. In contrast, reduction of its inter H-L bridge under 
anaerobic conditions with dithioerythritol in excess, was strictly a first-order process and not 
a simple reversal of the reoxidation. Tliese studies provide the basis for the more complex 
mathematical models that describe the reoxidation and reduction of typical immunoglobulin 
molecules. 



Percy, M. E., Chang, L., Demoliou, C. & Baumal, R. (1979) The kinetics of in vitro reoxida- 
tion and reduction of the inter heavy-light chain disulfide bond in an unusual murine immuno- 
globulin G myeloma protein lacking inter-heavy chain disulfide bonds. Can. J. Biochem. 57^ 
279-285 

Apres 5 annees de transfer! sous-cutan6 k des souris Balb/C, notre lignee tu morale du 
myelome MOPC 173 (productrice ^ I'origine d*une IgG2a,ic H,Lj) synlhetise une IgG2b,K 
inhabituelle, proteine priv^e de liaisons disulfure entre les chaines lourdes (H). Nous desig- 
nons cette proteine par MOPC 173B. A T^lectrophorese sur gel de sodium duod^cyl sulfate - 
polyacrylamide. elle se d^place avec un poids mol^ulaire apparent de 77 000; suite & la reduc- 
tion complete ct a Talkylation. les mobilites de ses chaines constituantes H et l^^res (L) 
dilTerent quelque peu de celles de la MOPC 173 HjLi. S^rologiquement. la MOPC 173B est 
identique k une autre proteine IgG2b,« demyelome, la MOPC 195. La cartographic des pep- 
tides montre qu*elle .ne possede que la liaison disulfure inter H-L caract^ristique des proteines 
'lgG2b,« typiques. Dans un solvant non dissociant, le coefficient de sedimentation de la proteine 
est de 6.3S et ce, meme k ces concentrations aussi faibles que 0.2 mg/mL, preuve de Texistence 
d*interactions non covalentes entre deux sous-unites de la demi-molecule. Puisque cette pro- 
teine IgG inhabituelle ne cuntienl qu'une seule categoric de pont disulfure interchaines, la 
liaison inter H-L, elle est un modfele ideal pour caract^riser la cinetique de la formation et de 
la reduction des liaisons disulfure interchaines. La cinetique de la rtoxydation catalyst par le 
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% . ABBRKvrATiONs: Ig, immunoglobulin; IgG, immunoglobulin G; H, heavy chain of the Ig molecule; L, light chain of the Ig 
c^l molecule; light chain of the kappa type; X, light chain of the lambda type; HL, half molecule; LHHL of HtLt, a fully assembled 
nriolecule; SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; DTE, dithioerythritol; EDTA, ethylene- 
diaminetetraacetic acid. 
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pluiaihion du pom disulfure inter H-L dans la MOPC 173B suit une vit^sc d^equation 
apDarcnte de second ordre. Au coniraire, la reduction dc son pont inter H-L. dans des condi- 
tions anaerobies en presence d'un excfes dc dithio^thritol, est strictemeni un proc«^s"S dc 
prcr^ier ordre et non un simple renversement de la reoxydation r^sultats se^vent de bas^ 
Sir les modMes maih^niati^ues plus complexes qui dtoivenl la reoxydation et la reduction 
dcs molecules d^mmunoglobme typiques. ^^^^^ .^^^^^^^ 



Introduction 

As in other mammalian species, mouse immunoglo- 
bulin G consists of two H and two L chains linked 
by disulfide bonds. There are two categories of inter- 
chain disulfide bonds, those joining the H chains (the 
inler-H bonds) and those linking one L to each H 
chain (the inter H-L bonds) (1. 2). In the past, the 
formation of these bonds (covalent assembly) in vivo 
(3. 4) and in vitro (5. 6. 7, 8) has been the subject 
of intensive study. Several possible pathways of inter- 
chain disulfide bond formation can lead to fully as- 
sembled IgG and one of these pathways may be utilized 
either predominantly or in parallel with another (3. 6. 
7). Recently we described the kinetics of the glutathi- 
one-catalyzed in vitro reoxldation of several human (6) 
and mouse (7) myeloma proteins and simulated the 
kinetics using a simple mathematical model. In the 
model we assumed that the formation of an interchain 
disulfide bond followed second-order reaction kinetics, 
and that formation of the two categories of interchain 
disulfide bonds proceeded independently and were gov- 
erned by different rate constants. Within the limits of 
the experimental error, this simple model appeared to 
account for the main features of the in vitro reoxida- 
tion throughout a considerable portion of the time 
course (6.7). 

In this paper, we examine the kinetics of in vitro 
reoxidation and reduction of a single category of 
interchain disulfide bond (the inter H-L bond) in 
an unusual murine IgG myeloma protein lacking inter- 
H chain disulfide bonds, MOPC 173B. 

Materials and Methods 

Protein Purification 

MOPC 195 (lgG2b.x) and MOPC 173 (lgG2a,it) HjL, 
myeloma proteins were purified from the serum of female 
Balb/C mice bearing the myeloma tumours 3ubcutaneously» 
using a combination of ammonium sulfate fractionation, 
DEAE-cellulose chromatography, and gel filtration on Sepha- 
dex G 150 in 0.5 WNaQ as described previously (7). Both 
tumour lines were supplied by Dr. M. Potter. 

Following subcutaneous passage in Balb/C mice over a 
period of 5 years in our laboratory, the MOPC 173 Ime be- 
came the producer of an lgG2b.Jt myeloma protein, MOPC 
173B, that appeared on SDS-PAGE to be a half-molecule 
myeloma. MOPC173B was purified from the serum of 
tumour-bearing mice using the same procedure as described 
for MOPC 173 H,L, (7). 

Antisera . 

H and L chain types were determined in immunodiffusion 
tests using antisera specific for mouse IgG 1, IgG 2a, IgG 2b. «, 
and X chains (Litton Bionetics, Baltimore, MD). 



SDS-PAGE ^ ^ ^ 

The phosphate-buffer gel system of Weber and Osborn 
(5, 9) was used for analysis of the purified proteins, and for 
identification and quantitation of intermediates in the reoxida- 
tion and reduction experiments. The apparent molecular 
weights of the constituent H and L chains of the completely 
reduced and alkylated proteins were determined on 12.5*, 
slab gels, using the discontinuous system of Laemmli (10). 
Proteins wtrt visualized by staining with Coomassic Blue (5). 

Sedimentation Vehcity Studies 

A Spinco model E ultracentrifuge operated at 60000rpm 
was used for all sedimentation velocity experiments. The 
temperature was maintained at 20 ± O.OPC. Sedimentation 
coefficients were obtained for unreduced and partially reduced 
proteins alkylated . with iodoacetamide under the following 
conditions as described in a previous paper (7): (/) at the pH 5 
stage of reoxidation following dialysis against 1 M acetic acid, 
and then against 4 mAf sodium acetate, pH 5; {it) at the 
pH 8.2 stage of reoxidation following dialyses against I M 
acetic acid, 4mM sodium acetate, pH 5, and then against 
O.l MTris-HCl-O.l M NaCl, pH 8.2. All dialyses were per- 
formed at 4^C. In these experiments, the protein concentrations 
were 0.2 and 3 mg/mL. The schlieren optical system was em- 
ployed in the latter case, the uv absorption system m the 
former. 

Peptide Mapping . 

Peptic-tryplic maps of the interchain disulfide bndge pep- 
tides were made using the procedure described by Frangione 
etaLdl). 

Reoxidations 

In vitro reoxidations were carried out at 21 C as described 
previously (7) in the presence of 5 X lO"' M disodium EDTA 
using a mixture *of reduced and oxidized glutathione as a 
disulfide interchange catalyst. 

Reductions - ,x , w 

Protein solutions (3 mg/mt) in 0.1 MTris-HCl - 0.1 M 
NaCl. pH 8.2, containing 5 m W disodium EDTA were reduced 
in a nitrogen atmdsphere with 2 mM DTE at 2VC. Reduction 
was stopped at various times by pipetting 10- to 50-mL aliquots 
of the protein solution into 0.2 mL of 0.1 M iodoacetamide in 
0.1 AiTris-HCl-0.1 MNaQ, pH 8.2. 

Quantitation of the Reoxidation and Reduction Intermediates 

Intermediates were resolved in 8 X 0.6 cm cylindrical gel 
rods as previously described (5, 7). The gels were stained with 
Coomassie Blue and the proteins were quanlitated by den- 
sitometry at 580 nm. In all calculations, the staining intensity 
per weight of protein was assumed to be constant for each 
intermediate. Tlie quantity of , protein in each band 
expressed as a percentage of the total absorbance units on t^ 
gel, i.e.. percent relative absorbance. This procedure eliminated 
random sampling error (7). 

Results 

Protein Characterization 
On SDS-PAGE the MOPC 1 733 myeloma prolem 
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pi Fig. 1 . Analysis of intact MOPC 1 73B by SDS-PAGE. Slot 
a partially rcoxidized preparation of a typical IgGb.^ pro- 
^Itcin (MOPC 195), showing the positions of L. HL, and 
IlHHL; slot 2, MOPC 173B (about 15 The bands were 
I; visualized by staining with Coomassie Blue. 

^Imigrated predominantly as a single band with a corre- 
I spending molecular weight of 77 000 and comigrated with 
the half-molecule intermediate formed in in vitro reoxida- 
^^iiition experiments with a typical IgG2b,K protein, MOPC 
:195 (Fig. 1). Like MOPC 195 and the original MOPC 173 
fl^HtLs protein (lgG2a,ff). MOPC 173B was shown to 
liContain equimolar proporlions of H and L chains (Fig. 2). 
" In contrast with MOPC 173 HjLi, which is an IgG2a,K 
Iprotein (7), MOPC 173B exhibited a reaction of identity 
H'with a typical IgG2b^ protein, MOPC 195, in immuno- 
1 diffusion tests with anti-IgG2b and anti-K antisera. There 
mas no reactivity to the anti-2a serum. As shown in Fig. 2, 
fi-the H chains of MOPC 1738 appeared to be 3000 daltons 
lilarger than the H derived from MOPC 173 H.Lj, and 
'i:2500 daltons smaller than the H of MOPC 195 H,L,. The 
'|;.L chains of MOPC 173B appeared to be about 2500 
pilaltons smaller than the L chains of MOPC 173 HiLj, 
l^ but identical in size to the L chains of MOPC 195 HiLj. 
;^;:These differences in apparent molecular weights were 
1= calculated using the following immunoglobulin subunits, 
^ '^cc^ reduced and alkylated, as markers: MOPC 




12 3 4 



Fig. 2. Analysis of reduced and alkylated mouse IgG 
myeloma proteins by SDS-PAGE. About 1 5 Mg of each protein 
were applied to the 12.57,, gel, following complete reduction 
and alkylation. Slot 1, subunits of a typical lgG2b,« protein 
(MOPC 195); slots 2 and 4. MOPC 173B; slot 3, MOPC 173 
HtL|. The mobility differences seen on this gel were repro- 
ducible and not caused by concentration differences of the 
H's and L's. Both the H and L chains of MOPC 173B dearly 
differ from those of MOPC 173 H,L,. 

104E;i, 72 000; IgG EN H,- 53 000; IgG EN L. 22 500. 
IgG EN is a human IgGl,ic myeloma protein that was 
used in our initial in vitro reoxidation experiments (6). 
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Fig. 3. interchain disulfide bridge peptides of MOPC 173B and controls. These nr\aps were made using the procedure 
of Frangione el al. (11), The proteins were partially reduced using conditions that cleaved only interchain bonds, alkylated 
with iodoacetate, and subjected to digestion with pepsin and trypsin. The digest was then resolved by high-voltage 
electrophoresis and the one-dimensional map was subjected to autoradiography. Only peptides containing free sulfhydryl 
groups become labelled using this procedure. Slot I, MOPC 173 HjL,; slots 2 and 3, MOPC 173B; slot 4, MOPC 195 
HiLj. Identical peptide maps were obtained when the proteins were alkylated with unlabel led iodoacetate prior to the 
reduction, showing that the radiolabeled peptides were derived from interchain disulfide bonds. The peptides shown in 
slots 2 and 3 are derived from the inter H-L disulfide bridge of MOPC I73B. the band near the origin from the H chain, 
the more anodic one from the L chain. 



MOPC 173B does not possess any free» titratable SH 
groups. Peptide mapping studies (Fig. 3) showed that it 
contains only a single category of interchain disulfide 
bond linking the H and L chains; the inter-H chain bonds 
typical of other IgG2b proteins were not detectable. The 
two peptides derived from the inter H-L bridge in the 
half-molecule myeloma comigrated with peptides of the 
same relative intensity from the MOPC 195 H^L; protein 
(Fig. 3) indicating that the inter H-L bridges in the two 
proteins are likely identical. 

Reoxidalion Experimenis 

The in vitro reoxidation system was designed so that 
noncovalent association between H and L would be 



established prior to initiation of disulfide bond formation 
(5). In previous sedimentation velocity experiments with 
an IgG2bA protein, MPCll, we showed that non- 
covalent association was complete both at the pH 5 and 
pH 8.2 stages of reoxidation (7). In the current experi- 
ments we found that MOPC 195 HjL, and MOPC 173B 
were also completely noncovalently associated in sedi- 
mentation velocity experiments at the pH 5 and the 
pH 8.2 stages of reoxidation at concentrations of both 
0.2 and 3mg/mL. In both cases, the sedimentation 
coefllicients of the partially reduced and alkylated proteins 
did not diflfer significantly from those of the unreduced, 
native proteins (MOPC 195 HjL,, 6.0 ± 0.15S; MOPC 
173B, 6.3 ± 0.1 5S). We showed previously that in the 
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Fig. 4. (A) Resolution of the reoxidation intermediates of MOPC 173B by SDS-PAGE. As indicated in Methods, 
the protein was partially reduced. Following dissociation and reestablishmenl of noncovalent association, it was allowed to 
reoxidize using a mixture of reduced and oxidized glutathione as a disulfide interchange catalyst. The reaction was stopped 
at various limes by the addition of iodoacetainide, and the reaction products were resolved by SDS-PAGE. After being 
stained with Coomassie Blue, the gels were scanned at 580 nm. Bands of L and H reassemble into HL, with the formation 
of Hj, HtL, and HiL» being minimal. Intermediates were analyzed at the times indicated in Fig. 43. (B) Kinetics of the 
/// viiro reoxidation of MOPC i73B. The percentages of the total amount of the protein on each gel in (percent relative 
absorbance) H (Q - - C). L (A - -A ), and HL (A - - A) were plotted as a function of lime. (C) A second-order plot of 
the reoxidation kinetics of .MOPC 1738. The reciprocals of the percent relative absorbance of H (from Fig. 48) were plot- 
ted against times of reoxidation. The regression line of best fit, determined using the method of least squares, is I /per- 
cent relative absorbance of H = (0.000341 ± 0.00001 1)/ 4- 0.016 (correlation coefficient = 0.993). 



case of MOPC 173 HxLi, noncovalent association was 
not completely established at the pH 5 stage of reoxi- 
dation (7). 

i^l;:; : The kinetics of the glutathione-catalyzed reoxidation 
^|;of MOPC173B are shown in Figs. 4A and 48. The 
decrease in free H and L chains is accompanied by an 
: increase in the amount of HL, the formation of H?, HiL, 
i^^ii and HjLj being minimal. In Fig. 4C we have plotted the 



reciprocals of the percent relative absorbance of H shown 
in Fig. 4B as a function of the time of reoxidation. The 
resulting plot is linear, indicating that reoxidation of the 
inter H-L bond in MOPC 173B is an apparent second- 
order reaction. Traditionally, a reaction is classified as 
second order if the rate of the reaction is proportional to 
the square of the concentration of one of the reagents, or 
to the product of the concentration of two species of 
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Fig. 5. Kinetics of reduction of MOPC 173B with dilhio- 
erythritol. As indicated in Methods, the protein was reduced 
anaerobically with DTE. The reduction was stopped at various 
times by the addition of iodoacetamide, and the reaction 
products were resolved by SDS-PAGE. After being stained 
with Coomassie Blue, the gels were scanned at 580 nm. The per- 
centages of the total amount of protein on the gel (percent rela- 
tive absorbance) in H (O- -O), L (A- - A), and HL (A- - A) 
(left-hand ordinate axis) were plotted as a function of the time 
of reduction. Also, the log (percent relative absorbance of HL) 
values, (•--•) (right-hand ordinate axis) were plotted as a 
function of time. The linearity of this latter function shows 
that reduction of the H-L disulfide bridge in MOPC 173B is 
an apparent first-order reaction. The regression line of best 
fit, determined using the method of least squares, is log 
(percent relative absorbance of HL) = (- 0.0609 ± 0.0034) 
/ -h 1-971 (correlation coefficient = 0.982). 

reagents. The second situation leads to the same equations 
as the first if the two reactants are used up at the same 
rate, and if their initial concentrations are equal. For 
those situations, -dc/dt = Kc^ where c is the concentra- 
tion of the single reagent or of one of the two reagents. In 
the integrated form l/c - l/c" = Kt, or a plot of 1 jc 
versus / gives a straight line (12). In our studies, we have 
used 'percent relative absorbance of H* in place of 
'concentration of H*. Hence we have introduced the term 
'apparent' to qualify the order of the reoxidation. 

Reduction 

The reduction of MOPC 173B was carried out anaero- 
bically using DTE in excess. The kinetics of the reduction 
of MOPC I73B are shown in Fig. 5. The decrease in 
amount of HL is accompanied by an increase in the 
amounts of free H and L chains. When log (percent 
relative absorbance of HL) was plotted against the time 
of reduction (solid circles joined by a broken line, right- 
hand ordinate axis), the function was linear, thus indi- 
cating that the reduction process followed simple apparent 
first-order kinetics. Traditionally, a first-order reaction is 
one in which the rate of the reaction depends only on the 
first power of the concentration of a single reacting 
species. If the concentration of this species is represented 
by c, and the volume of the system remains essentially 
constant throughout the reaction, then the first-order rate 
law can be written as — dc/d/ = Kc. In the integrated 
form, logc = —K/l.ZO^t -j- logc*. A reaction can there- 
fore be said to be a first-order reaction if a plot of log c 



against / gives a straight line (12). As in the reoxidation 
study, we have used 'percent relative absorbance of HL* 
in place of 'concentration of HL\ and hence have again 
introduced the term 'apparent' to qualify the order of 
the reduction. 

Discussion 

In this paper, we have described an unusual 
murine IgG2b,jc myeloma protein. MOPC 173B, which 
possesses only a single category of interchain disulfide 
bond (the inter H-L bridge), and we have characterized 
the kinetics of its in vitro reoxidation and reduction. This 
unusual protein was produced by the MOPC 173 line, 
originally an IgG2a.jcHiL5 producer, after 5 years of 
subcutaneous transfer in Balb/C mice. Analysis of serum 
samples from these tumour-bearing mice by SDS-PAGE 
showed a progressive increase in the amount of the 2b,*: 
protein and a progressive decrease in the amount of 
2a,*f parent during this time interval. 

On SDS-PAGE, MOPC 173B migrates with an appar- 
ent molecular weight of 77 000 and like typical IgG 
myeloma proteins, it contains an equimolar proportion 
of H and L chains. The protein contains a typical IgG2b,Jc 
inter H-L disulfide bridge, but inter-H chain cysteinyl 
residues cannot be detected following reduction and 
alkylation with radioactive iodoacetate. In immuno- 
diffusion tests, it appears to be a typical IgG2b,it protein. 
The L chains of completely reduced MOPC 173B appear 
to be 2500 daltons smaller than those of MOPC 173 H 2L2 
and its H chains 3000 daltons larger than those of 
MOPC 173 H2L1. In a nondissociating solvent, the sedi- 
mentation coefficient is 6.3S indicating that noncovalent 
forces link two HL subunits into a structiire resembling 
typical IgG. 

The origin of MOPC 173B is currently a mystery and 
requires further investigation. The parent IgG2aHjLr 
producing MOPC 173 tumour line may have 'switched' 
to an IgG2b HL-producer. If this is so, it would represent 
the first documented in vivo spontaneous conversion . of 
Y2a to 72b H chain production. Mutagen-induced con- 
version of ylb H chains to H chains of the y2a serotype 
have been documented using the in vitro tissue culture 
adapted MPC 11 myeloma cell line (13). A more likely 
explanation for the MOPC 173B protein is that it origi- 
nated as a contaminant of the original MOPC 173 line, 
eventually overgrowing , and replacing it. Using SDS- 
PAGE, half molecules have been found to varying degrees 
in other mouse myeloma tumour lines. Firstly, in the 
IgG2b-producing MPC 1 1 tumour, HL exists together 
with HjLa and represents an end product of biosynthesis 
rather than a precursor of the latter (14). Secondly, in the 
IgA-producing Adj PC6C myeloma, HL subunits are 
synthesized exclusively, independently of HjLj which is 
produced by the parent Adj PC6A myeloma tumour (15). 
Thirdly, we recently purchased some purified MOPC 195 
IgG2b from Litton Bionetics, Baltimore, Maryland, and 
found that on SDS-PAGE the protein existed as a half 
molecule and was indistinguishable from MOPC 173B on ! 
isoelectric focusing, although MOPC 195 that we purified i 
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^:|h our laboratory was typical HjLi. Comparative struc- 
|i?|ural studies are presently being carried out with the H 
i'l^id L chains from MOPC 173 H.L; and MOPC I73B to 
pesoive the issue of whether the latter tumour represented 
;a contaminant of the former, or a switch of the MOPC 
|$i73 y2a H chain to the 72b serotype. 
i^^The MOPC173B myeloma protein has fortuitously 
Mproven to be an ideal system for investigation of the 
i§|ianetics of interchain disulfide bond oxidation and reduc- 
^tipn, since it contains only one category of interchain 
^disulfide bond, that linking the H and L chains. When the 
l^rotein was partially reduced in vitro, it reassembled back 
lijito a half molecule, with the A>rmation of H*, HjL, and 
IHsLj being minimal. In this study, we were thus able to 
ihow that using the glutathione-catalyzed itt vitro reoxi- 
Jdation system devised by Petersen and Dorringlon (5), 
|ii=eoxidation of this H-L bridge followed apparent second- 
liprder reaction kinetics. This observation therefore pro- 
pdes the experimental basis for the theoretical model that 
l^ire devised previously to simulate the assembly of typical 
pgG (6, 7). In this model we made the assumption that 
^jTormation of both the inter H-L and inter-H bonds 
^followed second-order reaction kinetics, but that the two 
Jdategories of interchain bonds were characterized by 
Indifferent rate constants. The finding that covalent assem- 
^py of a single category of disulfide bond follows an 
ll^lapparent second-order rate equation does, not conflict 
^with the observation that the H and L chains are non- ■ 
plcovalently bound and are likely not freely interacting. It is 
Ifiimportant to remember that the order of a reaction and 
^jthe rate equations are convenient ways of summarizing 
.^jcxperimental results and of analytically portraying the 
^eixperimental -data (12) although they can reflect the 
ipmolecular mechanism of the reaction. We previously 
|||suggested that the apparent second-order, kinetics re- 
l^ifiected the mechanism by which disulfide bond formation 
|||.was being catalyzed (7).' 
^ In contrast with the reoxidation, reduction of the inter 
jH-L bridge in MOPC 173B under anaerobic conditions, 
:||||;.using DTE in excess, followed apparent first-order 
^^kinetics and was not a simple reversal of the reoxidation. 
|||:;We show in a subsequent paper (Percy, Chang, Demoliou 
*|;jand Baumal, in preparation) that the reduction of both 
|^|he inter H-L and inter-H categories of disulfide bonds in 
llypical immunoglobulins are also first-order processes, 
f hilt governed by different rate constants, 
i : Our theoretical models for reoxidation and reduction 
lliffer from those presented by Sears et al. (8, 16), who 
J^ssumed that both the reoxidation and reduction of a 
|::: disulfide bond followed a zero-order rate equation. 
|^;;:Uowever, the experimental reoxidation system used by 
f ihese investigators cannot be directly compared with ours 



because it employed a divalent metal ion - O? catalyst, 
rather than a mixture of reduced and oxidized glutathione 
which catalyzes disulfide bond formation by disulfide 
interchange. Moreover, the theoretical model developed 
by Sears et al. was intended to represent changes in 
numbers of titra table sulfhydryl groups, not of unassem- 
bled and partially assembled intermediates, as in our 
case. However, these authors did not consider the 
possibility that rate equations other than zero-order 
reactions would have produced better simulations of their 
experimental reoxidations and reductions. 

Our studies indicate that the in vitro covalent assembly 
and reduction of interchain disulfide bonds in immuno- 
globulin molecules are basically simple reactions that can 
be represented by conventional chemical rate laws. 
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A MOLECULAR-MECHANICS STUDY OF 
THE CONFORMATION OF THE INTERCHAIN 
DISULFIDE OF HUMAN IMMUNOGLOBULIN G4 (IgG4)» 
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Abstract — The conformation of the interchain disulfide bond between the light and the heavy chains of 
human immunoglobulin G4 Qgp^) was modeled based on the known structure of a human IgGl Fab. 
Exploration of a large number of conformations followed by energy minimization using molecular 
m^anics methods rendered a plausible model for the disulfide. In this model the disulfide adopts the 
long, traru -gauche -trans configuration found in immunoglobulin inirachain bridges and not the con- 
formations most commonly observed in other proteins (left-handed spiral or right-handed hook). Heavy 
chain residues H217 and H218 pack tightly against the disulfide and put restrictions on which sequences 
can exist in the proposed conformation. Sequence analysts at these positions shows that: (a) all human 
IgG4 and IgG3 are compatible with the model; (b) IgG2 and human immunoglobulins of other classes 
cannot adopt the conformation proposed for IgG4. 



INTRODUCTION 

In most immunoglobulins, the light and heavy chains 
are covalently linked by an interchain disulfide 
bridge. While this interchain disulfide always involves 
the penultimate residue of the L chain (cys L213),§ 
the residue from the H chain varies, depending on the 
immunoglobulin class (Nisonoff, 1982). In human 
IgGl the intrachain disulfide involves cys 217 of the 
heavy chain (cys H217), while most other human 
immunoglobulin classes and subclasses use instead 
cys HI 23. The origin of these alternate connectivities 
of disulfides is not known but is probably related to 
class and subclass specific biological functions. Know- 
ing the detailed conformation of these interchain 
disulfides in all immunoglobulin classes is necessary 
for understanding class specific phenomena and for 
the formulation of experiments to establish structural 
correlates of Ig biological functions. 

The structure of the disulfide between cys L21 3 and 
cys H2I7 is known from crystallographic studies of 
Fab fragments (Fig. I; Poljak et al.,\913\ for reviews 
see Amzel and Poljak, 1979; Davis and Metzger. 
1983; Radian, 1977), but no reported structure de- 
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scribes the alternate disulfide between cys HI 23 and 
cys L213. It is known, however, that amino acid 
HI 23 lies in a bend which, although distant in 
sequence, is spatially close to the C-terminal sequence 
of ChI and very near to cys L2 13 (Fig. 1; Poljak et 
al, 1973). 

In this paper, a model is proposed for the alternate 
disulfide between cys HI 23 and cys L213 based on an 
analysis by molecular mechanics methods of the 
conformations accessible to the disulfide present in 
IgG4. The study is based on the crystallographically 
determined structure of a human IgGl (Saul et al., 
1978). the sequence of a human IgG4 (Pink et al., 
1970), and modeling procedures and energy equa- 
tions which have previously been tested on immu- 
noglobulins (Snow, 1986; Snow and Amzel, 1986). 



MATERIALS AND METHODS 

Sequences and coordinates 

The coordinates of the X-ray crystal structure of 
the human IgGl Fab New used in this work (Saul et 
ai, 1978) are identical to those in the Brookhaven 
Protein Data Bank. The sequence of the Ch 1 of the 
himian IgG4 (Vin) and its sequence alignment with 
the IgGl ChI were obtained from Scale and 
Feinstein (1976). All other sequences are from Kabat 
et al. (1987). All calculations were performed with the 
Protein Conformation Analysis Package (PCAP) 
(Snow, 1986; Snow and Amzel. 1986). The regions of 
the molecule which are spatially near the interchain 
disulfide and which were consequently included in the 
modeling procedure were identified using the pro- 
gram LCX^ATE and visualized on an Evans and 
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Fig. 1. Structure of the original cys H220 to cys L2I3 disulfide bond in the IgGl Fab New. Main chain 
atoms for residues HI29 to HIH H2I7 to H220 and L21 1 to L213 are also shown. The ^-carbons of 
cys H220. ser H13I and*cys L2I3 are highlighted (black filled atonns). The position of the residues HI31 
and L2I3 are correctly oriented to make the alternate disulfide found in IgG4. 



Sutherland PS 330 Graphic System using the Struc- 
ture Display Module (SDM) of PCAP. . 

Energy calculations and refinement 

All residue replacements, and all energy calcu- 
lations and refinements were performed using PCAP 
running on a VAX 8530 (VMS) or on the CRAY 
XMP of the Pittsburg Supercomputer Center. The 
functional form and the parameters of the energy 
equation have been described previously (Snow, 
1986; Snow and Amzel, 1986) with the exception of 
the potential for the disulfide bridge dihedrals. 

The functional form of the potential for the 
disulfide dihedrals was: 

£-5-5 = 0.511 +cos(3x,)] + 0.5[l +cos(3za)] 

+ ).45[l -fcos(2xj)] + 0.5(1 +cos(3x5)l 

+ 0.5[l +cos(3x;)]{in kcal/mol.). 

The shape and barrier height of the potential about 
is based on calculations by Perahia and Pullman 
(1971). 

During the first stage of the refinements, a term 
representing a virtual bond between the alpha car- 
bons of the two residues forming the- new disulfide 
was added to the energy equation. This term serves 
to pull the disulfide together in fewer refinement 
cycles than would otherwise be required. Since it is 
turned off once 9, the normalized gradient of the 
energy/ reaches 0.1, and is not used in any sub- 
sequent refinements, the results are insensitive to the 



*The normalized vector gradient of the energy. 



where £ is Energy, c arc the atomic coordinates and /i 
is the number of atoms, is used as a measure of the 
degree. of convergence of a refinement. 



exact parameterization. The form used for this term 
was a quadratic potential \llk{d-d^y with 
= 6.2 A and Jt = 200 kcal/(mol A^. 

Generation of disulfide conformations 

The region of conformational space accessible to 
the disulfide was sampled by building the nine con- 
formations which are obtained for all combinations 
of;:, and x\ angles of 60°, ISO'' and -60^ Eighteen 
structures were obtained by minimizing the energy of 
each of these nine starting conformations according 
to two different refinement schemes. 

Scheme I. Using the disulfide virtual bond, 
refinement was carried to a value of 9 = 0. 1 . During 
this refinement, the residues H130-H132 and 
L2I2-L2I4 were allowed to move freely. For residues 
HI 28, HI 29, HI 33 and H216-H220, the backbone 
was subject to an 80kcal/(mol A^) penalty for move- 
ment while the side-chains were allowed to move 
freely. At this point the disulfide virtual bond was 
removed and refinement was carried to a value of 
0.05 for 9 during which backbone atoms of all of the 
above residues were subject to the penalty for move- 
ment and all side-chain atoms were allowed to move : 
freely. Finally refinement was carried to a value of • 
0.025 for 9 during which all atoms in the residues ; 
L2I3, L2I4 and H131 were allowed to move freely. \ 

Scheme 2. Using the disulfide virtual bond, 
refinement was carried to a value of 0. 1 for 9. For ; 
residues L21I-L2I4 and HI29-HI33, side<hains !■ 
were allowed to move freely while backbone atoms 
were subject to a 25 kcal/(mol A^) penalty for move- : 
ment. For residues HI 28 and H2I6-H220, side-; 
chains moved freely while backbone atoms were;:; 
subjected to a penalty of 80kcal/(mol A^) penalty.-j 
Refinement to 9 = 0,05 was carried out as in scheme j; 
1 except that one additional residue, L211, was j 
included in the refinement region. Refinement ta:- 
9 = 0.025 was as in scheme 1. 1 
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Tabic I. Conformauons for the L2I3-HI3I disumde bond 
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In addition to the eighteen structures described 
above, four new structures were generated with in 
an eclipsed configuration. These new starting struc- 
titres were refined using scheme 2 (Table 1). 

RESULTS 

The overall modeling strategy (outlined in Table 2) 
was used to analyze all conformations accessible to 
i the intrachain disulfide. The following section gives 
further detail for the different steps. 



Introduction of the disulfide bond 

The disulfide bridge was introduced by replacing 
serine H13I of Fab New (Fig. 1) with a cysteine and 
replacing cysteine H220 with a glycine. At this stage 
residues H133, H217 and H219 were replaced with 
alanines (shown as glycines in Fig. 1 to facilitate 
following the chain). Because the disulfide is initially 
very long (C, to C, distance = 7.27 A), a virtual bond 
was introduced between the two cysteine a -carbons in 
order to bring the sulfurs close in fewer refinement 




Step I 

Step 2 

Step 3 
Siq) 4 



Step 5 
Step 6 



Step 7 



Tabic 2. Modeling strategy 



Start with IgG I coordinates (Fab New) 
Make the following substitutions 

scr Hm-cys 

cys H220-*gly 

HI 33, H217, H219-»ala. 
Generate initial conformations 

Use all combinations of Zi. x\ equal to -60", 180" and 60" 

(staggered) — generates nine conformations. 

Use some comhinalions with Xi equal to 120" and 240" 

(eclipsed)— generates four conformations. 
Refine with scheme I 

Use all staggered conformations- 
generates nine structures. 
Refine with scheme 2 
' Use all staggered conformations — 

generates nine structures. 

Use eclipsed conformations- 
generates four structures. 
Group conformations (Table 1) 
Restore side chains 

Ala residues at positions H133. H2I7 and H2I9 were restored 

to the correct side chains arg, scr and tyr in structures 

la and lib. 
Refine structures generated in step 6. 

Refine the la and lib structures. 

Compare their energies. 
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Fig. 2. Proposed conformation of the alternate interchain disulfide bridge. Only the atoms of the two 
half-cystcins are shown (both atoms bound on each C are shown). The orientation is similar to that of 
Fig. I with cys HI31 at the top and cys L2I3 at the bottom. 



cycles. This term was used during the initial stage of 
refinement only. 

By building the cysteines with all combinations of 
X^ » and equal to 60^ 180" and -60°, and using two 
different refinement schemes, eighteen refined poten- 
tial structures for the region were obtained (Table 1). 
The conformations of the disulfide bridges in these 
structures fall into five distinct groups. Within each 
group, slight differences exist in the refined disulfide 
conformation because of different Xi and Xi values 
and because of positional differences in other resi- 
dues. 

To ascertain whether the conformational space had 
been samples finely enough, four new structures 
iXi = 120°, x'l = 60'^), (I20^ 180°), {I20^ 300°) and 
(240°, 180°) were built and refined using scheme 2. 
Since each of the new refined structures fell into one 
of the five groups, no further structures were gener- 
ated. The conformations that fell in group la gener- 
ally had much lower energy than those in the other 
groups (Table 1). 

Effect of other substitutions 

The side-chains of arg HI 33, ser H2I7 and tyr 
H2I9 were added to the lowest energy structure of 
group fa to study the effect of these residues on the 
disulfide conformation. The new sidechains were 
built in 10 energetically favorable conformations, and 
all the resultant structures were refined to minimize 
their energies. In all cases, very slight changes in the 
disulfide conformation and conformational energy 
were found, but in no case did the conformation 
change enough to be classified as belonging to a new 
group. This procedure was intended only to explore 
the effect of the new side-chains on the disulfide 
conformation, not to model the conformation of the 
other side-chains accurately. 

The side-chains were also added to the lowest 
energy structure in group lib, and a similar analysis 
was performed. Again, no significant changes in 
conformation were observed. All conformations gen- 



erated in this test were of higher energy than those 
from Group la, suggesting that conformation la is 
indeed the preferred conformation (Fig. 2). 



• DISCUSSION 



Extent of sampling. 

Extensive analysis of the conformations accessible 
to the disulfide bridge was accomplished by starting 
at all the combinations of Xi and X] angles in stag- 
gered configurations (Ponder and Richards, 1987; 
Moult and James, j986). In addition, by using two 
different refinement schemes the structures produced 
are not biased by the refinement strategy. Since the 
eighteen structures obtained have only five different 
disulfide conformations (the five groups in Table 1) 
it appears that the procedure accomplished an ex- 
haustive sampling of the accessible conformations. 
The use of two refinement schemes did indeed con- 
tribute to the extent of conformational space sam- 
pling. Some of the five groups contain structures 
produced by both refinement schemes but others 
contain structures produced by only one scheme. In 
many cases the same initial structure produced 
different disulfide conformations with each scheme. 
To further evaluate the extent of sampling of the 
conformational energy surface, four additional struc- 
tures each having one of the Xi angles in the eclipsed 
configuration were refined using scheme 2. AH four 
structures after refinement could be clearly assigned 
to one of the five groups (Table I ). These results were 
taken as further indications that the procedures used 
render a quite complete evaluation of the minima of 
the conformational energy surface. 

Disulfide conformation 

While most disulfides in globular proteins assume 

either a left-handed spiral or a right-handed hook \ 

conformation, the intrachain beta-barret spanning : 

disulfides in immunoglobulins tend to be longer and ' 



Interchain disulfide conformation 
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Fig 3 model of the proposed conformation of the alternate interchain disulfide bridge. Atoms of the main 
chain residues H129 to H133, H216 to H220 and L212 to U13 arc shown. Several important side chains 
are also included in the drawing, the orientation is similar to that of Fig. 1. The side chains of cys H131 

and cys L2 13 are highlighted. 
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to have a trans -gauche -trans conformation with Xi 
and Xi near 180°, X2 near +90° or -90° and X\ and 
X\ variable (Richardson, 1981; Thornton, 1981). A 
more recent survey by Katz and KossiakofF (1986) 
has categorized many conformations which do not 
fall into one of these traditional groups. 

Although the interchain disulfide does not span a 
beta-barrel, the disulfide conformation found in this 
study (x^= -40^ Z2=n4°, ^3= "53°, Z2=17!° 
X\ ^ 178°], is except for a slight strain in X3. very close 
to the conformation commonly observed spanning 
immunoglobulin beta-barrels (Fig. 2) (Richardson, 
1981; Thornton, 1981) and falls within the group of 
immiinoglobulins disulfides identified by Katz and 
Kossiakoff (1986). 

Proximity to C-terminus 

The ability of cys L213 to form disulfides with 
cysteines at different positions in different immuno- 
globulin classes requires significant variability in spa- 
tial position of this residue. This variability is possible 
because of the proximity of cys L213 to the C- 
terminus of the L chain (residue 214). 

Applicability to other sub -classes and classes 

The class and subclass dependent biological func- 
tions of immunoglobulins do not appear to correlate 
with the connectivity of the heavy/light interchain 
disulfide bridge (Nisonoff, 1982). Greater insight can 
be gained by analyzing the conformation of the 
disulfides for different classes and subclasses. The 
calculations in this paper were performed for a 
specific sequence (human lgG4 Vin) but one can use 
the results obtained to analyze if other sequences 
could adopt the same conformation. 

Residues which interact strongly with the disulfide 
bridge arc the sidechain of glu L212, backbone atoms 
of residues H217 and H218, and the side-chain of 
residue H2I7 (Fig. 3). Glu H216 and lys H218 both 
point away from the disulfide while ser H217 packs 
against it. Since the crucial residues are present in all 



sequenced IgG4s (Kabat et al, 1987), the model 
should be applicable to the conformation of this 
disulfide in IgG4s in general. 

A survey of immunoglobulin sequences (sequence 
data from Kabat et c/., 1987) was made to determine 
if the model might be applicable to the other human 
IgG subclasses or to other human immunoglobulin 
classes. The human IgG3 sequences HER, FRO, 
JON, WIS and SPA show the same sequence pattern, 
except for glu-leu-lys rather than glu-ser-Iys at posi- 
tions H216-H218. This change could reasonably be 
accommodated. 

Human TgG2 sequences have a number of 
differences which suggest that the disulfide con- 
formation found in this study would not be a good 
model for their structure. The residues at H216-H218 
are glu-arg-lys, which could not pack against the 
disulfide (arg is too bulky), and this is followed 
almost immediately by the inter-H-chain disulfides 
(IgGl, lgG3 and IgG4 have several more residues 
before the inter-H-chain disulfides begin). These 
differences suggest that IgG2s may have a different 
conformation at the ChI -hinge interface than other 
IgG subclasses. This difference in conformation could 
be responsible for the resistance of unreduced IgG2 
to papain digestion. It is also of interest that IgG2 is 
the only human IgG subclass that does not elicit 
passive cutaneous anaphylaxis in guinea pigs, and 
that this effector function has not been previously 
localized to a particular region of the antibody 
molecule (Nisonoff, 1982). 

In human immunoglobulins IgG, IgM and IgAI 
the H chain cysteine involved in the interchain 
disulfide is at the position observed in IgG2, IgG3 
and IgG4, nor that observed in IgGl. An analysis of 
the surrounding regions indicate that these molecules, 
like lgG2, could not accommodate the disulfide con- 
formation proposed for IgG3 and IgG4. 
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